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be  interesting,  such  as:  the  number  of  stations,  the  number  of  buffers,  the 
preemption  discipline,  etc. 

It  is  shown  that  priority  functions  indeed  reduce  packet  delay, 
delay  variance  and  packet  loss  for  the  high  priority  class. 

In  addition,  we  investigate  the  problem  of  transmitting  packetized 
voice  on  CSMA-CD  local  networks.  Assuming  P-CSMA  and  only  voice  traffic  on 
the  channel,  we  define  network  performance  as  the  maximum  number  of  voice 
sources  accommodated  for  a  given  maximum  delay  requirement  and  a  tolerable 
loss  rate.  We  study  the  effect  on  this  performance  of  various  system  parameters 
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§1  Introduction 


The  low  cost  of  computing  systems  have  g.iveii  rise  to  environments  where,  within 
a  building  or  a  small  (>;ro u |>  of  buildings,  many  dilTerent  computers,  minicomputers  and 
intelligent,  microprocessor  driven  devices  are  used.  The  need  to  interconnect  them  in  a 
n  ni  lor  m  and  reliable  manner  has  led  to  the  design  of  local  area  net  works  ot  di  Hi  rent  I  y  pes. 
Packet,  radio  technology  also  has  advanced  to  (he  point  where  it  is  feasible  to  interconnect, 
several  computers  through  a  radio  channel.  A  local  area  network,  or  local  network,  is 
composed  of  two  basic  elements:  (i)  the  transmission  medium,  generally  twisted  pair  or 
coaxial  cable,  and  (ii)  the  interlace  to  the  network  from  the  computers  or  other  devices, 
called  the  node's  of  the  network.  This  interface  controls  the  mechanism  Idr  accessing  the 
transmission  medium  as  well  as  other  levels  of  protocol. 

The  physical  interconnection  of  the  nodes  in  the  network  determine  its  topology. 
Several  topologies  exist  for  local  area  networks:  (i)  an  unconstrained  topology,  (ii)  the  star 
topology,  (iii)  the  ring  topology,  (iv)  the  bus  topology. 

(i)  Ilian  unconstrained  topology  a  node  can  lie  connected  to  an  arbitrary  number 
of  dilTerent  nodes  in  the  network.  This  topology  presents  the  problem  that  there  >:m  he 
several  paths,  of  dillerent  lengths,  between  any  two  nodes.  A  node  receiving  a  packet  that 
must,  be  forwarded  to  its  intended  destination  must  make  a  decision  regarding  the  links 
over  which  to  retransmit  it  and  this  may  place  a  heavy  computational  burden  on  the  node. 

(ii)  The  star  topology  consists  of  having  each  node  connected  to  a  central  node 
through  a  unique  link.  The  central  node  either  has  the  capability  to  handle  transmissions 
from  all  nodes  simultaneously,  or  polls  them  one  by  one  giving  transmission  right  to  only 
one  of  them  at  any  one  time.  This  topology  is  suitable  for  distributed  computing,  systems, 
where  a  large  main  frame  com  pul  er  talks  to  a  larg,e  number  of  terminals,  but  has  a  reliahilil  y 
problem  because  the  system  depends  on  the  eorreel  operation  of  the  central  node. 

(iii)  In  the  ring  topology,  each  node  is  connected  to  its  two  adjacent  nodes  only, 
in  such  a  way  that  all  nodes  form  a  ring.  ( 'ouimiinirnl ion  is  achieved  hv  sending  packets 
u  indirect  ionally  lliroup.li  the  ring,  and  the  eomput at ional  burden  placed  on  a  node  is  that 
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it  bo  able  to  recognize  messages  intended  for  it. 

(iv)  In  till'  bus  topology  all  nodes  are  con  nee  lee  I  to  a  common  transmission  medium 
and  send  tlieir  packets  bidirectionally  through  the  bus.  Again  a  node  must  be  able  to 
recognize  packets  intended  lor  it. 

The  bus  is  a  passive  element  that  poses  no  practical  reliability  problems.  The 
problem  introduced  by  tin'  ring  and  bus  topologies  as  well  as  with  Racket  Radio  environ¬ 
ments,  is  that  of  controling  the  llovv  of  messages  and  the  access  to  the  channel  in  an 
organized  and  reliable  manner.  In  these  topologies  there  is  no  central  node  so  they  use 
distributed  mechanisms  to  control  the  How  of  information. 

Several  access  control  mechanisms  have'  been  developed  and  we  dismiss  here  some 

of  t  hem: 

One  such  mechanism,  used  in  ring,  networks,  is  the  control  token  {a],  where  the' 
system  uses  a  prcdelined  control  token  that  is  passed  around  the  ring,.  A  station  wishing 
to  send  a  packet  wails  for  this  conlol  token  and  when  it  sees  it  go  by  it  retrieves  it.  from 
the  network  and  inserts  its  own  message,  after  which  it  reinserts  the  control  token  again. 
Several  provisions  have  been  developed  to  deal  with  the  loss  or  duplication  of  llu'  control 
token.  Another  technique  is  the  use  of  message  slots  [7],  which  are  sequences  of  bits  long 
enough  to  hold  a  full  message.  A  message  slot  can  be  either  full  or  empty.  A  station 
wishing,  to  transmit  wails  until  an  empty  slot  comes  by,  marks  It  full  and  inserts  its 
message.  ( )f  course,  one  node  must  initiate  the  slot  pattern,  so  the  syst  cm  is  not  com  plot  ely 
decent  rnli/.ed. 

Hus  topologies  and  radio  env  i  roll  meats  also  require  a  decent  ra  I  i  zed  cold  lad  st  rategy ; 
we  will  discuss  some  of  the  techniques  ised  shortly  but  first  let  ns  discuss  two  of  the  major 
types  of  control  strategies  that  can  be  used  in  this  hind  of  environment :  fixed  assignment, 
and  random  access,  with  some  techniques  incorporating  a  little  of  each  lype[‘J,l)j. 

In  fixed  assignment ,  each  user  is  allocated  a  hr  ad  ion  of  I  he  total  available  ba  ml  w  id  I  h 
to  be  accessed  exclusively  by  him  when  it  wishes  to  transmit,  clearly  it  is  wasted  when  this 
user  is  idle.  One  major  ail  van  I  age  of  I  liese  types  of  schemes  is  that  they  are  free  of  con  II  ids, 
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:l.s  each  user  holds  exclusive  access  to  a  fraction  of  the  available  handwidt  li;  one  major  dis¬ 
advantage,  on  the  other  hand,  is  that  a  user  which  requires  more  handvv  it  dt  h  can  not  use 
it  even  if  other  users  are  idle,  therefore  wasting  channel  capacity. 

In  random  access  techniques  there  is  very  little  conirol.  and  in  some  mechanisms 
used,  lln're  is  no  control  at  all.  In  the  \I.OIi\  system  (Ij  for  example,  which  operates  in 
a  radio  environment,  a  station  with  a  message  to  transmit  simply  Iran  .mils  it;  tln  re  is 
the  possibility  that  a  station  transmits  while  another  one  is  also  transmit  t  inc,  producin'1;  a 
con  llii' I  on  the  channel,  we  call  such  a  con  Hie  I  a  collision.  M I  er  a  packet  has  collided,  which 
is  delected  by  the  absence  ol  an  ack  now  led;  .emeni  Irom  tin  deslina'ion.  it  i-  retransmitted 
ai’.ain  after  a  random  retransmission  delay.  1  'ollisions  lead  to  a  si  riou>  dop.r ad.at ion  of  tin- 
channel  when  it  is  heavily  loaded  plneimi,  a  limit  of  IS', on  the  ihantiel  capacity  for  this 
system.  One  way  to  improve  this  performance  is  to  consider  the  lime  slotted,  with  the  slot 
si/e  equal  to  the  packet  leuejh.  Stations  uishin",  to  transmit  do  ,-o  at  tin  bc-iunin.-,  ol  a 
slot  ,  I  he  re  I  ore,  if  packets  collide,  they  collide  completely,  cat  I  si  U".  the  channel  c.i  pae,  I  y  to 
increase  to  lllT'o. 

lit  local  environments  where  the  transmission  nudlum  is  coaxial  cable  or  tvvlslid 
pair,  for  example,  the  feature  of  collision  di  lection  is  available,  in  .,  a  station  can  detect 
when  there  is  a  con  llic  I  on  the  channel  and  abort  its  ole.'.oi  up,  t  ram- mission  i  man  di  at  oly  a  in  I 
reschedule  its  transmission  for  a  later  lime,  based  on  a  random  retrain  mi  sioi,  d<  lay  .  This 
feature  ('.really  improves  the  channel  capacity. 

< )  ne  other  feature  that  is  incorporated  in  broadcast  networks  i,  that  ol  MUsinc, 
the  channel  bolero  transmit  tin;',  A  station  can  detect  the  presi  m  e  ol  earrur  on  the 
channel  and  refrain  from  si  a  rime,  a  transmission  as  lone,  a.  this  carrier  is  pis  .cut,  thus 
avoidini’,  a  collision,  which  can  only  occur  now  at  I  lie  bey.inniu.",  of  a  I  rn n- mission.  In  radio 
environments  only  carrier  seiisin.e,  is  available,  collision  deledion  can  not  h<  incorporated  in 
these  environments.  Those  two  features  are  incorporated  into  the  I  II 1 1  I ,' \  I  I’ jl>],  a  local 
rommumeulion  network  which  uses  earlier  seiisim-,,  a  bus  topolo-v  and  coaxial  cable  e.  the 
transmission  medium.  This  packet  broaden- 1  network  has  proved  very  sueo  -.sfnll. 
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Control  ti'cliniques  which  son  so  the  channel  before  transmitting  arc  oalloil  Carrier 
Sense  Multiple  Access  -CSMA-  I eclinii/uesj.'t],  and  two  very  important  versions  of  it.  are 
the  non  persist  out.  and  p-persitent  CSMA  protocols.  They  both  present  the  advantage  of 
reducing  the  chance  of  a  collision  at  the  beginning  of  a  transmission  by  having  stations 
schedule  the  beginning  of  its  transmissions  aeording  to  some  scheduling  policy,  trying  to 
spread  in  time  these  starting  points. 

In  nonpersistent  CSMA  a  station  with  a  message  ready  for  transmition  operates  as  follows: 

a.  if  the  channel  is  sensed  idle  the  station  transmits  its  packet. 

b.  if  the  channel  is  sensed  busy  a  station  reschedules  its  transmission  to  some  later  point, 
in  lime  according  to  a  retransmission  delay  distribution,  at  which  point  repeals  the 
algoril  Inn. 

In  the  p- persist ent  protocol  a  station  with  a  ready  message  operates  as  follows: 

a.  if  the  channel  is  sensed  idle  the  station  transmits  its  packet. 

b.  if  the  channel  is  sensed  busy,  the  station  wails  until  it  becomes  idle  and  then  with 
probability  /(transmits  the  packet,  and  with  probability  I  —  /(delays  the  transmission 
by  ;  seconds,  where  r  is  the  cud  to  end  propagation  delay  of  the  channel.  If  at, 
this  new  point  in  time  the  channel  is  sensed  idle,  (In'  station  repeals  the  process.  If 
another  station  started  transmitting;,  the  station  may  operate  in  one  of  two  fashions: 
it  may  reschedule  the  transmission  of  the  packet  according  to  a  retransmission  delay 
distribution  or  repeats  step  b. 

if  collision  detection  is  available  we  call  the  protocol  Carrier  Sens*'  Multiple  Access 
with  Collision  Detection,  CSMA-CI)  [S], 

One  advantage  of  using  CSMA  is  the  high  channel  utilization  that  can  In-  achieved, 
which  can  be  further  increased  if  collision  detection  is  available;  the  delay,  on  the  other 
hand,  is  by  no  means  fixed  due  to  the  random  nature  of  the  access  algorithm  and  it.  has 
been  shown  to  grow  unbounded  as  the  total  channel  t  h  rough  pul  a  proaches  channel  capacity 
[Sj.  The  protocol  is  independent  of  the  packet  size,  therefore  packets  of  different  lengths 
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can  he  sent  t li r«>ii;*,li  the  network.  II'  we  are  m u 1 1 "i | > U ■  i n several  n|i|ilicnlinns  on  the  same 
eli  an  net  it.  is  not  unusual  to  linil  Ion;',  packet  ami  short  ones  shari  nj\  the  >aine  chan  ml.  1  .on  c; 
packets  arc  typical  of  tile  transfers,  for  example,  while  short  packets  are  generally  mail  in 
interactive  applications.  voice  transmission,  process  control,  sensors  ilata.  Mow  rejpilal inj>; 
control  packets,  etc.  While  it  is  tree  that  I  to  >.e  applications  I  v  picaliv  'I"  not  plm  c  a  heavy 
load  on  the  channel  it  is  also  true  that  many  of  these  applications  have  a  common  time 
constraint.  On  the  other  hand,  typically  the  transmission  of  Ion",  packets  can  tolerate 
larc.e,  yet  reasonable,  delays.  I  nl’orl  u  nal  ely  in  (S\l\  llm  da  \rad.a  t  ion  of  <i,c  ehanml  as 
it  aproaehes  its  capacity  makes  no  discrimination  amo.v;  packet  -  of  ditferi  a*  appl  ic.P  'mils, 
and  we  cannot  reliahly  epiarantce  a  small  delay  if  the  iota!  head  placid  on  the  ehanml  is 
hir.li.  The  introduction  ol  priority  functions  into  the  piotmol  will  alio.',  pai  I  els  with  i i r i n • 
const  rainls  to  have  priority  over  t  host  that  don't  have  such  const  mi  at  ....  allowiie,  mm  all 
delays  lor  hi tyh  priority  classes  a-.  Ion;;  as  tin  load,  placid  on  the  ehanml  by  thc-e  classes  is 
itself  small,  imlepcndcnl  Iv  of  the  load  even  is,  d  hy  low  priority  classes. 

One  sm  h  scheme,  called  I  ’noril  i  /  •  d  (  a rrier  Sense  Mull  iple  \eci  I  ’  (  S \  1 A .  has 
hern  proposed  by  I'ohai'.i  j  I  'Jl .  and  analytical  work  has  shown  some  very  promisin'';  risidis. 

The  system  proposed  incorporates  priority  functions  in  the  a- persist  cut  (S\l.\ 
protocol.  The  dillicully  of  the  analytic  work  however,  has  prevented  the  evaluation  of  the 
elleet.  of  several  system  parameters  that  prove  In  lie  i  nt  crest  i  ii",  as  Well  as  variations  of 
the  operation  of  the  protocol.  The  present  work  attempt'-  to  overcome,  via  simulation, 
the  limitations  of  the  analysis  in  evaluatin';  I  lie  elleet  that  several  parameters  have  on  the 
system's  performance.  At  the  same  time  it  verities  the  results  obtained  in  the  analysis, 
which  further  validates  the  simulation  model  itself. 

In  Section  2  we  describe  the  protocol  as  originally  proposed  by  Tobac.i  j  I  'J] .  In 
Section  II  we  describe  I  lie  a  list  ract  model  used  to  represent  the  cm  v  iron  men  I  and  deline  the 
performance  measures.  In  Section  I  vve  present  the  simulation  program.  In  Section  a  we 
discuss  the  numerical  results  obtained  from  the  simulation.  In  Section  (i  vve  studv  voice 
transmission  on  local  networks  and  finally  in  Section  7  vve  present  some  coin  lusions  and  vve 
snidest  some  ideas  for  future  work. 


§i!  The  p  persist ent,  I’-OSMA  Protocol 

If  we  arc  (',<)iiiK  (o  introduce  priority  functions  in  a  ('ompuler  ( 'oiminieatiou 
Network,  we  require  1  ti at  the  performance  of  the  scheme  as  seen  hy  mess.-nys  of  a  lyivcn 
priority  class  he  insensitive  to  the  load  exercised  on  the  channel  hy  lower  priority  classes. 
Increasing;  loads  from  lower  classes  should  not  degrade  the  performance  of  Imdier  priority 
classes.  Ms,.,  several  messages  of  the  saint  priority  class  may  he  si  mull  ancon.  .|y  pn  sent 
in  the  system  and  should  he  aide  to  contend  for  the  channel  with  equal  rivlil  (fairness 
within  each  priority  class).  Obviously  the  scheme  must  he  robust,  i.e.,  its  proper  operation 
and  performance  should  he  insensitive  to  errors  in  status  information.  It  is  also  desirable 
that  the  overhead  required  to  implement  'he  priority  scheme,  and  the  amount  of  control 
information  exchanged  alliou;',  the  contending,  Users,  as  required  hy  ill,  scheme,  he  kept 
minimal. 

Several  aspect  >  ol  the  operation  ot  a  protocol  must  he  addressed  in  order  to 
establish  priority  functions  in  a  distributed  enviromcnl: 

liven  I  h  o  u  ■ ,  h  this  protocol  does  not  require  sy  n,  hroni  /  a  I  ion  at  none,  all  users,  t  here 
has  to  he  a  consensus  on  (lie  (line  ,  poth  at  which  priorities  should  he  assessed. a  mechanism 
for  reuchimt,  a  consensus  rejyardi uc,  the  highest  priority  class  present  in  the  system.  As 
well  as  provide  the  means  to  assi;’,n,  in  a  fair  manner,  the  channel  to  I  lie  various  ready 
users  within  a  class.  The  IMS\1\  protocol  resolves  I  lie  lirsl  two  problem--  l\v  the  Use 
of  reservation  hursts  and  carrier  sense  and  the  third  one  by  usinc,  the  p-peia  -is|e||t  (’SM  \ 
prol  oeol . 

We  present  here  a  detailed  dcseiiplinn  of  the  p  pir.-islelit  P-(SM.\  protocol  a.,  proposed 
hy  Toha|‘,i( 1 2j: 


2.1  liasie  Mechanism  for  Priority  Assessment  (a  nonpreemp! ive  discipline) 

With  the  hroadeasl  nat  lire  of  I  ransmission.  users  can  monitor  the  activity  on  the 
channel  at  all  times.  The  assessment  of  the  hiiyhesl  priority  class  with  ready  tticssac.es  is 
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'2.  Th«*  p- jM*rsi.sii*ni  1'  I'SMA  Protocol 


(iii)  If,  following;  KOC,  no  reservation  hurst  is  detected  for  l\  consecutive  reservation 
slots,  where  k  is  the  total  number  of  priority  elasses  available  in  the  system,  then  the 
channel  becomes  free  to  be  accessed  by  all  users  regardless  of  their  priority,  until  a  new 
KOt  ’  is  < let  ected . 

Thus,  by  the  means  of  short  burst  reservations  following  K.O( tlu-  highest  non¬ 
empty  priority  class  is  granted  exclusive  access  right,  and  messages  within  that  class 
can  access  the  channel  according  to  />-  persistent  CSMA.  Note  that  the  above  algorithm 
corresponds  to  a  mmpreempl  ive  discipline,  since  a  user  w  hich  has  been  deni' d  access  does 
not  reevaluate  its  priority  until  the  next  KOC.  However,  note  that  by  assessing  the  highest 
priority  level  at  tin'  end  ol  each  Iratimission  period,  whet  her  successful  nr  not.  the  scheme 
allows  higher  priority  messages  to  regain  the  access  right  without  incurring  substantial 
delays. 

The  scheme  is  robust  since  no  precise  information  regarding  the  demand  placed 
on  the  channel  is  exchanged  anion;',  the  users.  Information  regardin'',  the  existing  classes  of 
priority  ;;  implied  from  the  position  of  the  burst  of  unmodulated  carrier  following  KOC. 
Note  also  that  there  is  no  need  to  synchronize  all  users  to  a  universal  lime  reference.  Ily 
choosing  tin'  reservation-slot  si/e  to  he  'Jr  t  we  guarantee  that  a  hurst  emitted  by  a 
transceiver  in  its  A,;'  reservation-slot  is  received  within  the  A'1'1  reservation-slot  of  all  other 
host  s. 


2.2  Preemptive  P-CSMA 

Consider  that  after  the  reservation  process  has  taken  place,  the  channel  lias  been 
assigned  to  class  j.  Assume  that  before  a  transmission  takes  place  a  message  of  level  i,  i  < 
J ,  is  generated  at  some  bust  h.  The  non  preempt  ive  scheme  dictates  that  host  h  awaits  the 
next,  time  reference  before  it  can  ascertain  its  (higher)  level  i.  The  semi  preempt  ire  scheme 
is  one  which  allows  Imsl  h  to  preempt,  access  right  to  class  j,  tvs  long  as  no  transmission 
from  class  j  lias  yd  taken  place,  by  simply  transmitting  the  message  (the  transmission 
starling  during  the  idle  lime  representing  CAP).  If  the  generation  of  the  messap.e  of  level 


8 


2.2  I'n-i'niplivt'  I’  CSMA 

i  lakes  place  after  a  transmission  period  is  initiated,  then  host  h  waits  until  end  of  earner 
is  detected,  liolli  nonpreemptive  and  semi- preempt  ive  seliemes  are  appliealde  whether 
collision  detection  is  in  elTect  or  not. 

A  fully  preemptive  I’-CSMA  sclieme  is  also  defined  in  which  a  host  with  a  newly 
j'onoraled  packet  may  also  preempt  an  on i ( i •  ■,  i  ran.-wniasinn  of  a  lower  priority  level 
hy  intentionally  eaiisin;',  a  collision.  (  'Icarly  this  scheme  is  only  appropriate  it  collision 
detection  is  in  oiled!  It  can  oiler  some  lienclit  it  lower  priority  classes  have  long  messat'.es. 
One  may  also  envision  a  partial  preemption  scheme  wherehy  an  on-poim.1,  transmission  is 
preempted  only  it  the  already  elapsed  transmission  time  has  not  e\ceed<'d  some  traction  ot 
the  total  transmission  lime,  where  the  packet  transmission  time  is  assumed  to  he  known 
as  is  the  case  with  lived  si/e  packets. 
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§.'i  The  Model 


VW  describe  in  (his  section  the  model  used  in  the  study  of  the  IM'SMA  protocol. 

The  protocol  does  not  requi  re  that  all  si  a  lions  lie  sy  noli  roni/.ed  to  a  common  clock , 
hut  rather  that  all  stations  operate  according  to  the  time  epoch  of  the  system,  which  is 
del  er  mi  lied  In  t  he  events  on  I  he  channel.  In  other  words,  we  require  only  that  all  si  at  ions  he 
aware  I  hat  the  sysl  cm  is  in  I  lie  priorit  y  assesmeiil  period ,  for  example,  w  huh  is  act  lie  veil  by 
the  selection  of  the  reservation  slot  si/e,  hilt  we  do  not  require  that  this  period  start  at.  the 
same  time  lor  all  stations.  This  approach  {'.really  simplifies  the  problem  of  synchronization 
union;’  all  users  as  no  universal  clock  is  required.  \llhoii;',h  the  protocol  does  not  require  it., 
for  performance  evaluation  we  consider  the  system  s\  neh roni/ed  to  a  universal  time  clock. 
The  time  axis  is  then  considered  lo  he  slotted  ami  the  slot  size  to  he  equal  to  the  end  to 
end  propagation  delay;  the  reservation  slot  is  of  size  neglect i n m  y  (the  time  needed  to 

reliably  delect  a  short  hurst  of  unmodulated  carrier). 

We  consider  a  broadcast  network  with  A I  stations,  all  of  which  monitor  the 
activity  on  the  channel  and  can  detect  two  events;  an  ongoing  transmission  and  the  end 
of  carrier,  In  a  system  with  collision  detection,  when  a  station  is  involved  in  a  collision,  it 
will  abort  its  transmission  after  a  recovery  time  Tc. 

A  station  has  a  lixod  number  of  hollers  per  class  and  only  packets  of  a  ;’,iven 
priority  class  can  occupy  the  buffers  assigned  to  that  class.  \  packet  that  is  gi  iterated  by 
a  station  is  placed  on  (lie  buffer,  or  one  of  the  boilers,  assigned  to  that  priority  class.  If 
when  a  packet,  is  nener.at.ed  there  are  no  buffers  available  lor  im  particular  priority  class 
t  hen  t  his  packet  is  considered  lost,. 

In  the  nonpreemptive  discipline,  only  those  messages  already  in  a  station  buffer 
when  the  I’riorily  Assessment  I’eriod  ( I  *A  I  ’ )  begins  will  lie  able  to  place  a  nervation  for 
their  eorrespondin;’;  priority  class.  Once  the  channel  has  been  granted  lo  a  riven  priority 
class,  all  messages  tlml  arrive  during  Ihe  contention  period  that  correspond  to  different 
priority  classes  I  ban  the  one  wit  h  I  lie  current  access  right .  will  have  to  wait  until  a  new  I  ’A  I’ 
for  a  chance  to  ascertain  their  presence.  Those  packets  of  the  current  access  class  arriving 
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H.2  IVscriplion  of  Variables 


during  the  channel  access  period  will  transmit  immediately,  i.e.,  undertake  imim  diale 
first  transmission  as  mentioned  in  tin'  dcseript imi  ol’  the  protocol.  II'  a  transmission  on 
tin’  channel  is  1‘ree  of  rniiiliet,  then  it  is  assumed  that  the  transmit  ted  packet  will  arrive 
successfully  at  ils  destination  anil  thus  is  deleted  from  the  holler;  if  a  collision  does  occur 
the  packet  remains  in  the  holler  and  the  station  repeats  the  al-.urifhm  alter  I  lie  end  of 
carrier  detected  when  the  collision  was  aborted  (after  a  recover)  time  I',). 


3.1  The  Packet  (iener.il ion  Process 

So  lar  we  have  mentioned  Imw  p.u  kels  contend  lor  and  .pain  access  to  the  channel 
hut  we  have  not  described  how  they  arrive  at  the  system. 

Neil  her  the  protocol  nor  the  si  initial  or  r<  strict  the  type  of  arri  %  al  process  that  can 
he  used  iu  the  network.  I'or  consistency  with  the  analysis  1 1,,  M-hi  n.<  [I-!,  in  this  work 
we  consider  that  al  any  given  station,  packets  of  priority  class  ;  are  generated  according 
to  a  {'cornel  rie  distribution  with  parameter  a,  and  placed  in  the  station's  lotller  for  that 
particular  class  if  there  is  room  lor  it  (otherwise  it  i.  considered  lost'.  It  is  a-sutned  that 
the  .arrival  of  packets  coincides  with  the  end  of  the  -lot  in  which  •'  "n  i.rp  thirel'ore  no 
delay  is  incurred  dump',  I  he  li  rst  slot .  At  any  rate.  I  his  does  not  have  i  ,-i"  nilieaul  elleet  in 
the  overall  system  performance. 


3.2  Description  of  V'ariables 

'I'lie  system  has  several  parameters  that  influence  ils  pi  rforui.uii  c,  many  of  them 
have  already  been  mentioned  earlier;  these  are: 

A/,:  the  number  of  stations  ill  the  system  that  generate  packets  of  priority  class 

i. 

nx:  I  be  packet  general  ion  rale  for  priority  class  t. 

/ #, ;  the  number  of  bulfcrs  per  station  for  priority  class  t. 


n 


‘S.  Tin*  Model 


/>,:  the  /)- persistent  parameter  used  in  the  contention  period  by  stations  with 
messages  of  priority  class  i. 

r:  the  end  to  end  propagation  delay. 

7’,:  the  packet,  length  lor  packets  «>l‘  priority  class  i.  Notice  that  a  transmission 
period  is  one  slot  larger  than  the  transmission  time  because  it  is  assumed  that  it  takes  one 
slot  for  an  KOC  to  propagate  through  the  network  and  this  slot  is  considered  part  of  the 
transmission  period;  the  unmodulated  carrier  during  the  PAP,  however,  does  not  need  an 
extra  slot  because  this  slot  is  considered  in  the  definition  of  the  reservation  slot,. 

7 :  the  collision  recovery  lime. 

the  time  since  the  begining  of  a  transmission  in  which  preemption  is  allowed. 

3.3  Measures  of  System  I’erformanco 

There  are  basically  four  performance  aspects  of  the  system  that  we  consider  in 
t his  work: 

(i)  The  average  delay  per  packet  l)t,  defined  as  the  lime  (in  slots)  spent  in  the 
system  by  a  packet  from  the  moment  it  arrives  at  I  Ik-  system  until  it  is  successfully  received 
at  its  destination.  Notice  that  this  includes  the  transmission  time  of  a  packet,  this  places 
a  lower  bound  on  the  packet,  delay  of  at  least  one  transmission  time. 

(ii)  The  channel  throughput  N, ,  which  is  the  fraction  of  time  that  the  channel 
carries  successful  transmissions.  (Channel  throughput,  and  packet  delay  are  two  closely 
related  measures.  The  higher  the  throughput,  the  larger  the  packet  delay.  This  relationship 
between  average  packet  delay  and  total  channel  throughput,  is  referred  In  here  as  the 
throughput,  delay  characteristic  of  the  system. 

(iii)  'I'lie  variance'  of  delay  Var(/J,),  which  is  self-explanatory,  and 

( i  v )  Packet  loss  defined  as  I  he  probability  that  a  packet  generated  at  any  given  slot 
will  be  lost  because  there  is  no  place  for  it  in  the  station’s  bulfers.  If  is  also  the  dillercnce 
between  the  channel  throughput  and  the  total  load  exercised  on  I  lit'  channel. 
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§1  The  Simulator 


The  simulator  used  in  this  work  was  written  in  I’ASCAI,  tor  a  DliC  'JO  a,inii, 
running,  uniler  the  TOI’S-liO  operating  system. 

The  simulation  cumhines  hoth  event  and  time  driven  simulation  t < c h r i i < t 1 1 <  and 
consists  of  three  major  parts,  each  of  which  simulates  one  ot  tin-  t  h r-  <■  period'  of  tin 
protocol,  namely:  the  priority  assessment  period,  the  channel  access  pi  rn  d  and  tin  1  r  < n  - 
mission  period.  This  modular  organization  of  the  program  permits  <  I,  n  a  ■  !n  l  i  m.iih-  in 
the  mechanisms  used  in  each  period  without  alloct i iil',  sh-.nilic.i lit ly  tin  n  i  >  h  •  pro  run. 

One  of  the  initial  objectives  of  this  work  was  to  verily  the  an.dy  tn  a!  '•  .It 
had  lieen  o hi  .lined  so  cert  ai n  'rest  riel  ions’,  not  i  n herein  I  o  t  In  si  mu lat  e .  n,  were  i i  i  t  |  n  >. ..  1 1  ,| 
to  follow  as  closely  as  possible  the  model  considered  in  the  anal)  a  I I  A  .imp!'  ■■■>  «.i  m  !, 
restrictions  are:  considerin;',  the  time  axis  slotted  and  con-blrrim'.  p  .let  arri .  -.1  t , ,  t . . 
coincident  with  the  end  of  a  slot. 

4.  L  Dal  a  Struct  u  res 

The  program  comprises  t  wo  il.al  a  st  rue  I  u  res:  a  hi  n  u  y  Irn  a  ml  a  I  h  n  i  diene  ion  a! 
array  (l..M,1..K,l..lt)  w  here  M  is  I  lie  nuinher  of  st  at  ion.  I\  is  tin  no  min  i  of  priori  l  y  .  I.e-  • 
and  It  is  the  nuinher  of  lmITers  per  station  and  priority  class.  flu  array  hold  -  packets 
(plotted  at  each  station  alonj’,  with  I  lie  informal  ion  rej’.ardi  tc,  t  In-  t  i  me  at  which  tin  pail.it  i. 
supposed  to  have  arri  veil  or  to  he  lyelieral  ed  at  t  hat  st  at  ion.  We  keep  I  hi  i  a  IT;  ty  a  I  w  ay  •  full ; 
that,  is,  at  initialization  packets  are  generated  aeiordiii!’,  to  tin  yei.nn  t  ri<  ally  distributed 
inl.erarrival  tirm's  with  parameter  o,  for  class  ( \  for  all  stations  and  all  holier  position  i 
at.  I.hese  stations.  1'iirt  hermore,  duritij’;  execution  of  the  simulation,  win  'in  ter  a  pacl.il  is 
successfully  transmitted  and  therefore  removed  from  the  system,  a  new  packet  is  c.i  m  i  at  i  il 
immediately ,  ac,ain  usiiif'  I  lie  f;riMiiel  ric  i  list  ribul  ion  of  i  uterar  ri\ al  linns.  The  binary  tree 
holds  the  informal  ion  of  all  the  packets  that  are  eon, idi  red  ready  lor  t  raie-me— ion  by  the 
correspond*' ii”,  stations,  i.e.,  the  lirst  packet  of  every  ipiene  m  the  .li  m.  Tin-  i ■  "d <  -  hold 
information  rep.nrdiui',  I  he  general  ion  time  of  I  In-  packet .  the  station  and  th.  priori1,  •  l.e.s 
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ami  art'  ordered  in  I  In-  tree  aecordinpi  to  their  f’,cneration  time  in  such  a  way  that  an  inorder 
traversal  of  I  tie  tree  (  l]  will  visit  tin'  nodes  in  asec'ndinj‘;  order  of  generation  time.  This 
particular  orderinc,  of  the  data  permits  all  searches  for  packets  that  mi)1, hi  lie  transmitted 
to  lie  of  lo;’,aril  limic  order.  When  a  packet  is  successfully  transmitted  the  node  which 
represents  it  is  remmed  from  the  tree  and  a  new  node  is  insert  ed  ohl  ainid)!,  the  appro  print  e 
iVeiierat ion  time  from  the  corresponding,  ipieue,  and  a  new  generation  time  inserted  in  the 
matrix  ol  ipieues.  Note  that  it  is  not  equivalent  to  say  that  in  the  real  system  the  ipieiies 
are  all  full.  Indeed,  if  the  generation  time  of  a  packet  in  the  array  or  in  the  mess.ac.e  tree 
is  higher  than  the  current  simulation  time,  then  the  packet  is  not  yet  pre-cut  in  the  real 
syxti  m;  therefore  a  station  can  have  no  messages  to  transmit,  even  (hom\h  there  is  a  node 
represent  ini!;  each  of  its  priority  classes  in  the  tree. 


•1.2  racket  (leiieration  and  Transmission 

\\  hen  a  packet  is  transmitted  the  node  represent  ill!',  it  is  deleted  from  the  message 
I  fee  ami  a  new  packet  of  I  lie  same  priority  class  is  j'.enerated  for  the  station  which  succeeded 
in  the  transmission.  A  lyenerat ion  lime  is  obtained  by  l.okiii)’,  as  a  n'fereiice  lime  the  last 
fP'iieration  of  a  packet  for  that  priority  class  and  that  station  and  addini',  to  it  a  random 
mimlier  drawn  from  a  I'.eonietric  distribution  with  parameter  <\.  Notice  that  the  reference 
time  corresponds  to  the  jyeneration  lime  of  the  packet  just  transmitted  only  in  the  case  of 
one  holler  systems,  for  systems  with  more  than  one  huller  it  is  the  general  ion  lime  of  the 
last  packet  in  I  lie  eorrespondilij’,  ipieue.  If  the  arrival  time  thus  ohl. lined  is  smaller  than 
the  current  system  clock  the  packet  is  considered  hist  and  this  new  time  reference  is  used 
to  j',cnerafe  another  packet.  This  process  is  repealed  until  a  successful  packet  is  jp-neraled 
and  placed  on  the  stations  queue.  The  first  packet  in  the  ipieue  is  then  inserted  into  the 
message  tree. 

•1.3  System  Slates  and  Immediate  first  Transmission 

The  system  can  he  in  either  of  two  stales:  I'.mply  or  nonempty.  The  system  is 
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empty  when  there  arc  no  messages  present  in  (lie  system.  In  a  real  -.v.-iim  this  will  lu¬ 
tin'  ease  wlii'ii  no  station  lias  a  packet  to  transitu1;  in  tin-  iuiili\i  of  tin  -ininl.il  ion  this 
is  t.h<>  <-as<-  win'll  tin-  generation  times  of  all  (lie  packets  in  tin  -\  li  iii  arc  c.rc.iier  limn 
tin-  I'lirrcnt  simulation  lime,  A  nonempty  system  i  orn  -poiul-  to  mu-  in  which  ms  m  more 
stations  lia\i'  packets  reaily  for  I  raiisniission;  ajy'iiu  in  ilu-  coiiti \l  "I  1 1  - « ■  ■•■•unlai  mil.  this 
corrcspoliils  to  tin-  exist  ciii'c  of  packets  with  General  ion  limes  -.mail'  i  ih  <i,  '  h.  :m  d-, !  i,m 
linic.  I >11  ri  Hi',  the  si ii i ii lal  ion,  when  t  here  are  no  niessac.es  pn  -i  m  mi  I  Is  o  -i  cm,  1  tie  clock 
is  advanced  to  the  j’.eiieralion  lime  of  1  he  left  mo-l  node  in  tin-  i  r.  .  -  which  .-orri  -p<.ml-.  Is 
the  first  packet  that  will  arrive,  anil  an  immedial  e  lir-t  iraii-iui  umi  • , 1 1  •  I  <  ri  .do  n  (indeed 
accordin'",  to  the  protocol,  (lie  channel  would  he  seu-ed  idle  at  ,li  d  lime). 

The  tree  is  then  searched  for  packet  s  with  arm  a  I  lime  i  ip:  ,1  Is  t  hat  si  i  In  ii  Hum.-! 
node,  indie  a  I  ini’,  that  it ,  1  "o,  will  lie  I  ransmil  ed  at  tin  -  current  I  i  |-s  .  md  will  i  ,i  u-i  ,  ,  .  dli-io  a . 

II  no  such  packet  exist  s  then  the  dock  is  advanced  In  a  period  of  tit . pul  ■  n  1 1 1  ■  I  me  ,t  li  el 

the  transmission  period  of  the  packet  Inina,  I  fan-mil  led  al  which  point  its  i  orr.  .pond'ui", 
node  is  tli'h't ed  from  the  tnessaj’,e  tree.  I  pun  comph  t  inn  el’  siicci  ->.fn!  1  ra n-mi  ion  or  of  a 
eollision,  a  Triority  Assessment  lYliod  begins. 

■Id  The  Priority  Assessment  Period 

We  consider  now  the  code  rorresponditi",  to  the  priority  as  .1  muni  pi  i  ii  >  d.Tliis 
part,  of  I  he  simulation  is  lime  driven.  We  hi  dm  by  set  I  i  1 1  • the  primal  .  h  v  d  to  tin  hi  dies! 
and  we  examine  the  message  tree  sear a  lulu:,  lor  packets  of  tin  1  urn  nt  prioritv  that  can 
ascertain  their  presenee.  As  mentioned  earlier,  only  those  pai  In  I  .  •  s  n,  ralid  before  the 
hef^innini";  ol  the  PAP  can  do  so.  If  any  packets  an  found  .1  Ii  I  of  the  1  p.n  I  et  -  i-  formed. 
The  list  is  a  linked  list  of  pointers  to  the  actual  nodi  •  of  tin  1  r*  ■  •  It  no  p.u  ki  1  -  of  the 
current  access  priority  are  present  in  the  system,  the  priori!-,  h  v.l  i  dm.tmili'd,  ihe 
clock  advanced  I  wo  slot  s  and  I  lie  alc.orit  h  m  re  pea  led  until  a  nom  mpt  v  .hi  -  i  .  f.  m  ml  or  all 
priority  classes  have  been  examined. 

If  all  priorities  have  been  examined  and  no  puke!  h  i\e  hi  1  a  found  'he  \  1  m  is 
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returned  to  the  empty  stale  and  I  In'  simulation  proceeds  as  we  have  already  described. 

Udiirinii;  (lie  scare  li  of  I  lie  message  t  ree  we  lint)  some  packet  s  of  the  current  access 
class,  then  the  channel  is  granted  to  this  priority  class  and  the  clock  is  advanced  two  slots. 
In  a  real  system  packets  would  ascertain  their  presence  by  I  ransmit  t  i  n  p.  a  short  hurst  of 
unmodulated  carrier  in  the  slot  corrcspondim1,  to  their  priority  class.  Once  llu- channel  has 
been  granted  to  a  particular  class  no  more  searches  are  done  and  the  system  enters  the 
channel  access  period. 


•1.5  The  Channel  Access  Period 

The  part  of  the  simulation  that  corresponds  to  tin  contention  pe  riod  is  imple¬ 
mented  as  a  time  driven  simulation.  Pel  i  be  the  priority  class  for  which  a  list  of  messages 
has  been  formed,  then  for  every  packet  in  the  list  a  uniformly  distributed  random  number 
is  drawn.  If  this  number  is  less  Ilian  />,,  the  packet  is  marked  for  I  ransmis- ion  in  the  next 
slot  arid  a  count  is  kept  of  the  number  of  messages  that  will  be  transmitted.  \!  this  point 
we  must  search  the  message  tree  for  any  messages  of  I  lie  cn  rrcnl  access  class  a  rriv  i  lie,  dti  mu', 
t  lie  idle  slot  in  which  si  at  ions  arc  son  si  up;  the  eh  an  riel.  If  one  or  more  siieh  packet  s  are  ton  ml 
it  undertakes  an  immediate  first  transmission  as  described  above  (if  more  than  one  such 
new  packet,  exists,  then  a  collision  will  certainly  result).  If  no  incomiie'.  packet  preempts 
the  messages  that  are  on  the  list  the  clock  is  advanced  one  slot  and  the  count  of  the  iiiltu- 
lier  of  packets  marked  for  transmission  is  examined.  If  this  number  is  0  the  ah'.orilhm  is 
repealed  since  no  st  at  ion  decided  I  o  I  ransmit .  If  I  lie  con  lit  is  eipml  to  I .  tin-  marked  packet 
is  I  ransmit. ted  and  the  correspoudini',  nodi'  deleted  from  (lie  tree  in  the  manner  previously 
described.  If  there  is  more  than  one  marked  packet  a  collision  will  occur. 

A  collision  is  simulated  by  advaneini’,  tin-  clock  by  the  recovery  lime  /',  ,  after 
whir'll  the  system  is  returned  to  the  Priority  V.sessinent  Period. 
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4.6  Si  at  is  I  ics  Collected 

In  order  to  evaluate  system  performance  accord  in;',  to  I  lie  erit <  ria  we  lira  e  .pi  ,  i  lied , 
several  statistics  are  eolleeted. 

I’aeket  delay  is  obviously  an  important  i  j  <  1 :  1 1 1 1  i  t  \  .  It  i-  e.d.nlaled  at  'lie  ■  lid  of 
eaeli  transmission  and  is  the  dillcrelice  between  ( tie  eurreiit  clod  and  III.  ••eMi-r.i!  i  •  •  1 1  lime 
ol  I  lie  packet .  We  aeeii miilal  ('  I  his  delay  lor  each  priority  class  and  i-l  t  !■  i  -  nd  l  he  r  it  io  of 
the  total  delay  per  class  to  the  nil  inher  of  packet  s  of  licit  ,  la  -  -s  j  I,  ,  I  w .  re  I  immsIi  i  a  1 .  d  do.  t  s 
the  average  delay  per  packet  for  each  priority  class. 

We  compute  the  siptare  of  |!|C  delay  and  a.  i  "  i ; ;  ■ . 1  •  I  <  il  ’  ■  ■  ohl  ain  I  tie  ci:i  I'ae  d 
delay  for  each  class. 


To  ohl  ain  t  he  chan  liel  ul  ili/alion  per  p:  ioi  d  y  da.  u ,  a.  i  d  e;.!y  conn  l  llie  ini:nl.cr 


of sneces 

sl'nl 

1  rails 

mission; 

-  for  each  t  l.i 

ss. 

This 

liiimlh 

;  t : . . :  i 

!  , 

'•a  pa  el,,  I  !  r . . ; 

is 

sion  time 

li  i  r 

that 

pa  rt  ieul; 

i r  class  1 1 1 \  it h 

I'd  1 

)\  tin 

■  >i  Mi'll. 

t !  1  O  !  ; 

!  i  1 1 1 1  "IV  t  ■ 

"  ,  o'  i".  1  ; 

1 1 1 1  1 1  > 

\im 

it  her 

pair  of 

slatisties  eo 

lie, 

t  1  ! 

’or  1 1 1  i  - 

'  Will' 

k  W.'s  l  l.t 

muni',  r  .•!'  p 

,  t 

jyenera  1  et 

1  am 

.1  the 

number 

of  packet  s  lo 

si  . 

This 

is  i in |>«- 

•  riant 

in  st  \  t  r.tl 

’>  1"  "  Id  h't 

•f  '•«.(!■ 

siieli  as  rt 

'.al  li 

i me  voice  t  rat 

ismission  and 

pr 

ot’i*ss 

ron*  i  "l 

,  u  In- 

I'f  a  p.n  kt  ! 

cal . '  It.  ;'t  ,  ■ 

*\  rl'fi 

or  teeners 

it  ed 

.*\s\ain 

.  It  also 

c.ives  a  measi 

n  re 

ol  1  lu 

‘ilill'iTi 

•lirr  1 

tel  Wf.  II  1  hi 

■  ,'lia'int  1  '  '•  ron 

•  \  1 1 1 "  1 1 

and  t  be  1 

o.id 

i*\rrc 

ised  bv 

t  lie  si  at  ions. 

Some  other  statistics  were  eolleeted  that  were  not  aetii.dly  u  id  '  I . .  ■  m -.tills 
[treserilecl  here  lint  helped  in  determinili;’,  if  llie  perlormanee  of  tin  -yiim  .  within 
reasonable  limits;  if  this  was  not  the  ease,  then  tlic-e  stall-tie  ■  .avt  an  indn  d  el,  of  tin 
parameter  that  was  most  likely  to  lie  eaiisinc,  the  nniApei  till  p,  i'or  ■  on  •  \n  i  \  onph  of 
Sill'll  mi  III  hers  is  the  rest  r  \  alio  1 1  and  to  Hi -ion  overhead  w  It  ieh  v.i\  e  a '  i  iiitlii.it  ion  el  111!  It  \  I  | 
ol  I'D  II  tell  I  ion  present  ill  the  sy  :  ’em.  If  the  number  of  eollisions  is  \  t  rv  hi''.  It .  lilt  •  I  lik  I  ly  I  lie 
seleelion  of  y>,  is  not  appropriate  and  a  smaller  value  mav  I"'  net  * l<  d.  If  on  tin  olio  :'  h and 
the  I  ell)',  I  It  ol  the  i'll  a  II  net  an  e  •  s  period ,  w  hit'll  is  a  I '-n  col  he  I  et  I ,  i  ■-  o-ia  la  r  ;  ,e  I  In  pat  a  lie  I  er 
/>,  may  be  increased  to  improve  system  perlorin.'inee. 


17 


I.  Tlir  Siimilaler 


A  word  must  ho  said  about  the  soloulioii  of  />,.  In  general  wo  wish  to  select  p 
sin’ll  that  it  minimizes  the  length  of  the  contention  period  hut  maximizes  the  probability 
of  success.  Ideally,  if  we  bad  a  way  to  estimate  the  number  of  users  with  ready  messages 
on  (lie  system,  say  /V,  a  good  selection  could  be  1/  V;  in  practice.  however,  V  is  dillicult  to 
estimate  so  we  use  a  lived  number  which  depends  on  the  number  of  users  in  the  system.  A/, 
and  the  load  they  place  on  the  channel.  \\V  have  used  for  most  of  this  work  I  he  parameter 
/>,  =  1/A/,,  which,  if  not  optimum,  keeps  the  number  of  collisions  low  and  the  channel 
access  period  small  so  that  the  results  were  close  to  optimum. 


4.7  Other  Disciplines  < 'onsidend 

In  addition  to  I  lie  non  prci  nipt  i\ e  discipline,  we  investigate  here  two  other  modes 
of  operation  not  included  in  I  he  airily  t  ienl  work,  namely:  scniiprccmpt  ive  and  preemptive 

P-CSMA. 

The  only  dilforenco  bet  ween  I  hose  modi  s  and  I  he  one  already  described  is  in  terms 
of  the  protocol  they  perform  after  the  end  of  Priority  Assessment  Period:  the  generation 
process  and  system  conligur.nl ion  are  the  same. 

In  the  semi  proem  pt  ive  mode,  once  the  PAP  has  finished  and  a  given  priority  class 
has  acipiircd  the  right  to  access  the  channel,  any  message  of  higher  priority  that  arrives 
to  the  system  during  the  channel  access  period  can  preempt  the  current  class  when  the 
channel  is  sensed  idle,  this  is  achieved  by  searching  the  message  tree  for  packets  that  can 
preempt,  tin'  current,  class,  i.e.,  new  arrivals  of  the  same  class  or  one  of  higher  priority.  All 
messages  waiting  will  see  a  carrier  on  the  channel  and  will  back  off  until  the  next  KOC 
when  a  new  PAP  will  begin. 

In  the  preemptive  modi',  we  considered  a  fraction  of  the  message,  called  7’,,,  ill 
which  preempt  ion  is  allowed.  Once  a  given  class  has  been  granted  access  to  I  he  channel  and 
as  long  as  the  transmission  lime  has  not  exceeded  the  specified  limit,  any  message  of  a 
higher  class  can  preempt  the  current  priority  class.  Notice  that  if  this  preemption  occurs 
during  the  channel  access  period  the  transmission  of  the  high  priority  class  will  probably 
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be  successful  (unless  another  station  lias  also  decided  to  begin  its  transmission  in  the  same 
slot).  On  the  other  hand,  if  the  transmission  of  the  low  priority  class  has  alr«  ndv  started 
when  the  preemption  occurs,  the  preempting  packet  will  cause  a  collision  whose  I.OC  will 
cause  a  new  I’AI’  to  begin,  thus  allowing  the  high  priority  message  to  gain  access  to  the 
channel  faster  than  in  the  other  two  modes  of  operation. 

Several  versions  of  the  simulator  are  available  that  allow  tlu-  sludv  of  svsti-ms 
vvil.lt  or  without  collision  detection  and  with  or  without  priority  functions  to  evaluate  the 
performance  of  the  IM’SMA  protocol  in  comparison  with  nonpriorili/cd  schemes. 
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Wc  discuss  in  this  sect  ion  lln'  numerical  results  olil  .lined  with  llii'  simulation  and 
evaluate  the  performance  of  t  ho  scheme.  Sima-  the  objective  ol‘  Ibis  work  is  !o  study 
I  lie  (  licet  of  priority  1‘um- 1  ions  in  multiaccess  not  works  uo  shall  in  many  rases  compare 
tin'  per  for  ma  nee  of  prioritized  sy  st  enis  ( (.  non  priori!  i/,ed  sy  si  on  is  in  ml-  r  to  dot  ermine  the 
overall  elleet  produced  by  the  priority  fnnetioiis.  Since  the  approach  taken  will  lie  that  of 
co  III  pa  rin;’,  the  1 1 1  fee  modes  of  opera!  ion  a  I  no  lie,  I  hem.  a  Ives,  namely  :  I  lie  non  preempt  ive,  I  lie 
semipreemptive  and  the  preemptive  mode,  we  divide  this  section  into  several  subsections, 
one  for  each  of  the  follow  i  ne,  aspects:  Tliroicyhpu!  - 1  )elay  (  liaraci  orisl  ics.  I’.okit  l.oss. 
\ariance  of  IVluy.  finally  wo  consider  a  special  application  case  in  which  we  simulate 
lived  packet  interarrival  times.  \\  <  •  use  t  his  uproach  to  focus  our  alliiition  on  the  basic 
dillerences  hctwecli  the  modes  of  opera!  ion  rather  than  con-idcr  dl  c|i  ar.iel .  risl  ies  lor  one 
mode  and  then  make  a  li  nal  overall  comparison  of  the  -y  s'  eins  de  -crilu  d. 

ritroue, limit  this  section  we  consider  the  unit  o!  iime  to  he  ;  l()y/-cc. 


5.1  Th rou, ",h put  •  Delay  ( ’hnrael  eristics 


Ideally  in  a  prioritized  env  irono  nl .  the  •  I < ■  I : i y  characteristics  of  a  ;;iven  priority 
class  should  he  inserts'll  iv  e  to  t  he  load  exorcised  on  t  ho  channel  by  all  hww  r  priority  classes; 
ill  practice  this  is  not  exactly  the  case,  due  to  the  overhead  incurred  in  the  reservation 
process  and  the  amount  of  time  that  a  packet  must  wait  until  an  ote.oitn;  t  .•a'iste'ssioii 
finishes,  I’ollovvinK  which  it  can  ascertain  its  presence  in  the  system.  We  wish,  however,  to 
minimize  the  elici  t  that  the  load  of  lower  classes  has  on  higher  priority  el. ism  and,  more 
important,  insure  that  the  delay  for  liic.li  priority  classis  is  kept  within  tolerable  limits 
rep.-trillcss  ol  that  load.  This  is  in  contrast  to  other  nonprioril  ized  random  access  schemes 
in  whit'll  the  delay  i;rnws  unbounded  for  all  messages  as  the  total  I  h  roii",h  pul  approaches 
channel  capacity.  We  bt-jyi n  our  discussion  by  11  > n sii i i ■  ri uiy,  a  nouprei  inpl iv e  system  with 
two  priority  classes,  (\  and  (  j .  M  ■>  stations,  It  I  Imlli  r  per  station  and  packet 
lell)',l  hs  of  Y'|  1(1  and  7  '■>  100  for  the  1 1  i  •  \  1 1  and  low  priorities,  respectively.  The  system 


5.1  Thr**ujr liput  l>«*hiy  ('haiMcIcristira 

under  roiisiili  rat ion  has  collision  (Irlcction  :m<l  recovers  from  ;i  collision  with  a  recovery 
lime  7’r  A  slols. 

In  I'ipnre  I  ui-  present  t  In-  I  hrouphpiil  <  I  el  ;i  y  curves  for  such  n  system,  in  which 
the  p:i  r.imel  ITS  /»,,!  I.A,  used  ill  I  he  channel  access  period  lake  on  the  different  willies 
p  i  p j  0.1,  (h  i.  \\  e  ohscrv  c  I  hat  l  lie  delav  l  ot  (  ’[  is  dope lo  lent  oil  f  h  f  ■  1  ol  a  I  cfl.'tll  lie] 
I  hrouphpiil ,  :dtliou;',h  the  throughput  for  C'(  is  kepi  constant  at  Sj  0.1;  hut  vve  can 
also  noic  tin  I  act  that  the  delay  lot  hipli  priority  messages  is  not  prov.inp  unliounded  as 
the  total  I  hrotiphput  >|  t  increasi  s  to  reach  saturation,  contrary  to  the  noupri  iriti/eil 
scheme,  as  it  will  he  shown  later,  in  tael  the  delav  lor  class  (\  will  lend  lo  stahili/e  as 
the  load  lor  (  ’j  increases  and  more  collisions  start  to  occur  within  C'j,  lliu-  allowing  <’\ 
Inessa;1, es  lo  paili  aeeess  lo  the  channel  faster,  piven  that  the  collision  detection  is  in  elleol. 
Note  that  the  parameter  p, ,  in  the  ease  when  A I  is  small  lias  rather  lit  1 1  <  ell'ect  on  the 
delay.  In  I  lie  sequel,  for  M  a,  %\  t  •  shall  Use  I  lie  values  ;q  /i-_.  O.'J,  which  pives  near 

optimum  n  - .ult  s  over  the  cut  ire  ranee  of  I  hrnuph  pu  I  (Note  that  this  value  is  precisely  1  /  A  / 
as  eommented  upon  in  the  previous  section). 

In  I'ipnre  'J  vve  examine  a  similar  system,  except  that  the  uuinher  of  stations  has 
hcen  inerensi  d  to  \l  a0.  It  is  easier  lu  re  lo  observe  the  <  licet  of  sal  urat ion  on  the 
channel  and  I  lie  fact  that  the  delay  for  the  hi;',  h  priority  class  remains  Unite  if  not  dee  reuses 
as  N'j  increases.  Moreover,  note  that  the  elh'el  of  p,  is  more  important,  and  the  choice  of 
optimum  /),  heroines  more  critical  when  M  is  larper.  Here  p-<  0.1  is  the  value  for  ]>■< 

which  pi  V  es  us  near  optimum  results.  The  load  of  f'|  on  the  channel  is  small  and  so  is 
the  probability  of  a  collision;  therefore  the  results  are  not  too  sensitive  to  p\  in  this  ease 
(small  ,s'|  )  and  we  use  0.1  which  .still  paves  pood  performanee  .  We  have,  in  effect, 

achieved  a  separation  of  the  loads  on  the  channel  that  allows  ns  to  obtain  linilo  delays  for 
( ’| -messapes  as  lonp  as  the  load  of  this  class  stays  below  channel  capacity. 

I  n  Fipu re  A,  I  hroupli pul -delay  curves  an-  shown  for  a  live  si  a! ion  sy  stem  (hereafl  er 
refered  lo  as  small  system)  operatinp  in  the  nonpreempt ive  mode,  for  >'|  0.1  and  ,S'| 

0.2.  For  comparison  we  include  in  Fipurc  A,  the  throuiyhpul-delay  performanee  of  CSMA- 
C|)  without  priority  functions.  We  notice  that  there  is  a  difference  in  delay  for  the  two 
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dilTcrcnl  values  of  .S' |  in  tin1  prioriti/.ed  system.  In  t  he  follow  i iu-,  we  e.n<  an  i  \  jilan.it  inn  lor 
litis  (lilTerenee  anil  its  behavior. 

When  S  .s',  t  Sj  is  small,  the  lamer  value  of  s,  id.'Ji  i  v  <  .  a  mailer  volume 
of  I  rallie  I'or  ( (.s\  >'  .s', )  ami  allow  •  I  p..rk,  is  i.<  k. .  a,  ,  .  -  IP  .  | .  I 

over  a  larger  uumlier  of  miIisi  ■)iient  nml  in:  inn  perioil-  ilee,  wdh  s',  (1.1  |  hi  ■  ul's 
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1  i,  ,l.  . .  i '  I 

:  p  ,  I  •  1 
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1 1  u  ri  n tin  l  ra  ns  mission  peril  n  I-  ■  if  <•  I . .  •. ..  (  '  .  In  ;  -  t  .  i  .  t  . .  .  ■  \  i  t  i .  1 1  >  i  ■  i"  i  r  \  a  j ...  <  .|  s', 

larger  n  uni  her  i>l‘  paekel  >  aee  u  mul.it  i  .it  tin  •  :  •  I  ol  ,  ,  '  ■  '  r  e  ;  1  -  it  u,  . ine’,  In  .  .<nt<  ml 

on  tin1  channel.  W  ith  the  same  valm  ol  ;n  u  ni  lor  hokh  ,  he  ol  s',  tl.’J  provides 

higher  delays  I  halt  ,s't  ().  | . 

The  channel  capacity  is  sotnew  It  i'  hi  do  r  I'or  l  In  i  a  e  of  >,  (I. I  hnmi  < . !'  !  he 

ell  eel  that  packet  lei  it’.  I  It  has  on  eha  Ii  Uel  ea  p.n  i ;  \  'S':  lie  I  a  r  ■ ,  r  I |o  '  1 i 1 1  ip.  r  ■  ,|  I  a  r  a  pae !.  •  I  s 

I  ransmil  ted  ill  a  Del  work  (vvliiili  mini's  when  .S',  II  Ii  lie  l.  e-J,<  T  lie  I  apaei  I  v  w  '•  1 1  lie  a  . 

less  t  i  me  is  speid  in  overhead  (  priori  I  y  as-i  -.si  inn  I .  chan  in  I  ,rn-  .  ,  .  dli  -ion  !.  l!'  we  .  omp  ire 

I  he  priori!  i  /  i  d  s\  si  cm  I  o  I  In-  non  priorit  i  /  e.l  sv  si  em  we  sn  t  hat  ia  term  oi'  di  lav  for  <  wi¬ 

ll  a  ve  reduced  the  av  erai'.e  delay  si;',ni  lie. a  a  I  i  \  .  <  .peei.dl  \  when  S'  j  .  1.,  i  ,  at  lie  i  \p,  ii-.e  of 
lari'.er  delay  I'or  low  priority  packets.  This  is  a  desirable  •  licet  .'are  we  w  a,'  !-.i;-h  nriorily 

moss.a;’,i  s  t  o  ha  V  e  a  Ii  lit  t  e  del  a  V  a  nil  We  dim  I  rest  lie  I  tin  di  I  tv  ol  (  j  . 

Ill  a  r-ein  i  preempt  i  v  e  v  si  i  in.  (  |n  el.  el  -  eat  i  pi  i  i  a  i  pi  (  '  ■  p  a  <  1-.  <  t  when  '  in  -e  lew 

priori  I  y  messages  are  i  ll  I  lie  eha  II  nil  ace  i  -  -  period  (idle  t  in  ie  ol'  (  1  ■  eon  I ,  ;  Ion  | [',.■■!  |  If  we 

compare  the  non  pm  mpl  j  ve  and  semi  preen  i  pi  i  v  e  mode,  in  -.mall  \  t ,  m  .  w  i  i  \  p<  ,  i  m.dh  r 
delays  lor  the  semi  preempt  i  v  e  ease  din-  to  the  preeio  pt  m  ii  alii  iw  id ,  . , !  1 1  ■ .  ,  \  p.  n  e  ol  l.t  r  i,.er 
delays  of  ( V  messajvcs.  In  I'iiMire  I  we  show  (his  ,oinp.iii  on  for  a  mad  \  Ion  ;  \  / 
f» ) .  In  this  ease  sernipreemplinn  does  not  improve  -.1  ■nilieanl  lv  the  d »  !  a  \  ■  h  i  r -n  l  •  ri  .1  it  s 
ol  I  he  svsl  cm  lor  (  ;  this  is  so  hi-e.oise  tlo-  eha  n  ml  am-.  period  i  i , ,  >  I  v  *  r  v  1  a  i  >  whit 

/),  -  O.'J.J  l.'J.  This  is  not  t  he  rase  lor  l:ir”,e  -v  tem  .  \\,  noli  that  I  he  1 1 1 1  p  i  n\ eon  nt 
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obtained  in  lar}’,r  systems  is  more  important  :is  will  lie  shown  later. 

We  now  explore  tile  elleet  ol’  dillerelil  level-;  of  preemption  on  tin  i  1 1  lain  ph  pll  1 
delay  eliaracl  erist  ies.  In  l,’i;,,uri*  f»,  v\e  show,  for  dillcrcnt  I'r.nlioie.  (/,,t  of  (  \-in<  •••..aeys  in 
which  preemption  is  allowed,  how  I  lie  p.nhel  delay  for  I  '|  is  ndmod.  The-  i  1 1 1 1  r  <).<•■  1 1  e  n  I 
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variation  ol  delay  as  the  load  iiien  a  e-  (an  iiniaa-.i  loilow  ,|  by  a  -i  I  1  d'.is  This 
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(  j  whieli  is  a  hie, lily  desirable  elfecl  . 
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e;ui  l»‘  soon  in  Figure  7,  where  wo  plot,  the  average  <lol:iy  |>or  packet  vs.  I  In'  preen  ion 
fraction.  Note  tin-  improvement  achieved  when  foil  preemption  is  in  effect  (  7’,,  md) 
as  compared  to  semipreemptive  systems  (Tp  =--  0).  I<'iu;i||y  note  that  these  overall  effects 
caused  hy  preemption,  namely:  a  reduction  of  the  delay  for  C,  messap.es,  increased  delay 
lor  ('■>  messages  and  a  reduction  of  channel  capacity  constitute.!  tradeoll  between  (\  delays 
on  the  one  hand  and  total  throughput  and  (\  delays  on  the  other  hand,  lint  as  we  have 
mentioned  earlier,  the  need  for  priority  functions  arises  when  we  have  a  channel  in  which 
we  desire  to  multiplex  an  application  with  very  t i p, h t  delay  constraints  with  another  one 
that  can  tolerate  large  delays.  In  this  case  we  are  more  interested  in  mediae,  the  d<  lav 
constraints  than  maximizing  channel  capacity  or  minimizin,,  ('■<  delay  as  lone,  as  tr  illic  .  an 
he  supported  hy  the  system.  Our  results  arc  consistent  with  these  objectives. 

lo  summarize  the  results  discussed  so  far  we  present  in  f  ie, lire  S  a  comparison  of 
all  three  modes  of  operation  of  !*-( ’SMA-(’I),  and  also  included  are  the  .  harm  I  erisl  h  ■,  < ,  f  a 
non  priori  I  i  zed  (obviously  non  preempt  ive)  system. 

In  Figures  ft- 1  I  we  present  the  I  h  rough  put  -delay  characl  erisl  ic>  of  sysl  cm-  with 
A/  h()  stations,  packet  lengths  ol  l\  —  10,  l>  -  100  slots,  collision  recoverv  lino  of 

7'c  r-~  -  slots,  /)|  0.1  and  different  values  of  )>■,.  In  these  systems  we  observe  the  same 

t  rcruls  as  in  Ihi'  small  systems  (w  hen  A/  h).  The  dillereiice  belwei'ii  non  pre<  nipt  ive  and 
semipreemptive,  however,  is  more  significant.  in  this  case  where  the  choice  of  near  optimum 
/),  is  more  critical.  Note  how  this  difference  decreases  from  Figure  0  to  l-'i jyu r*'  II  as  the 
choice  of  />,  gels  bet  ter.  II  is  very  interesting  to  note  the  small  sensitivity  of  ( delay  to  the 
choice  of  /).J  in  the  case  of  a  semipreemptive  system. We  can  explain  this  small  sensitivity 
by  the  followinj*;:  if  the  choice  of  p<  is  such  that  the  channel  access  period  is  small,  the 
lime  between  the  end  of  a  transmission  and  the  next  (V. arrival  will  be  large.  If,  on  the 
other  hand,  the  channel  access  period  for  ( ’■>  is  large,  the  lime  until  the  next  ('•  arrival 
will  be  small.  Ilol.h,  the  (  b-channcl  access  period  and  the  idle  lime  before  a  ('■<  arrival,  are 
times  when  ( '|  -  packet  s  can  be  transmitted,  and  this  total  lime  is  (he  same,  record  less  of 
the  choice  of  />•_..  For  non  preempt  ive  systems  the  choice  of  near  optimum  /i,  becomes  more 


critical  as  (  (  packets  must  wail  the  lull  length  of  the  contention  period  for  (  '•<  once  III 
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Figure  7.  Average  packet  delay  as  a  function  of  the  preempt  mu  fraction 
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chantn  I  lias  liccii  :,r:nii ■  d  lo  the  low  priority  class.  Tho  ■  II II < •  rr -t i<- 1 •  hdween  non | >r •  ■  i ■  1 1 >1  ivr 
anil  si-tin  preempt  iv  e  w  si  i  ins  decreases  as  tin*  lo.nl  increases  lice.iiise  the  •  - 1  ■ :  i  i  ■  ■  i  <  - 1  access 
period  ol  (’■  I'ecomos  shorter  at  1 1 i 1 1  loads.  A  -  mure  stations  Irv  to  .nee  .  1 1 . . ■  channel, 
oil  nor  a  I  ran-ini^siun  or  a  rollision  will  on  nr  soonor. 
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delay  tin-  performa  nro  is  similar  lo  tin-  om-  win  a  all  llo-  packet-.  ;,r,.  | , ,  1 1  .  ]!,ii  nolo  I  In- 
rod  in  I  ion  ill  oil  an  in  I  capacity  lor  this  on  so  due  to  l  In-  m  nailer  p  a  <  ■  I-  o  i  |i  i  ■  -  I  It.  Si  m  o  a  larger 
n ii i nlior  of  packet  s  Ii.-ivi-  I o  lie  I  raiismil  I nl  in  order  I o  maintain  a  cert  ain  ’  li roii" .It p ■  1 1 .  more 
lime  is  spent  in  overhead  sijoli  as  reservation  and  oliannel  arros>  periods.  ( 'mis,  <  p  i  <  - 1 1 1 1  v  the 
ohannel  capacity  decreases  sii-nilicanl  ly . 

In  I'ioaire  I  |  we  consider  the  perl’ormanee  ehar.ad  eristic  .  of  a  system  in  which  hij-.h 
priority  moss.ijp-s  are  lo nj>;  and  low  priori!  \  iiiessaj-.es  are  short  (  Y]  1 01). /  j  ID  slots). 
Notice  I  he  similarity  hel  ween  I  In  per  Tor  maun-  of  non  preeiii  pi  i  v  e  mid  pr<  -  in  pi  i  V  e  sy  -lelns, 
holli  ill  packet  delay  and  channel  eapaeilv.  Tin-  similarity  in  packet  delay  is  mused  hv  the 
lad  that  preemption  does  nnl  save  a  --.real  deal  ol  lime,  hi-ean  e  :m  on  -.oiie1,  Iruismission 
that  can  lie  preempted  is  a  slmrl  one.  I'iven  if  a  packet  waits  until  an  onpoino  transmission 
is  finished,  as  it  is  the  ease  in  the  non  preempt  iv  e  system,  such  a  packet  would  onlv  have 
lo  wait  a  lew  extra  slots  In-fore  tin-  next  priorilv  assessment  pi  rind  hepiiis.  |(\  eausiiij-;  a 
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collision  anil  was!  in"  the  reeoyt  ry  time  nut  loo  much  lime  is  saved,  lame  llic  siniilarily 
ill  delay  lor  the  two  modes.  The  reduction  in  channel  capacilv  is  due  In  llii  packet  lelndli 
ol  ( (  /  _•  1 0  slots)  [sj.  The  majority  ol  the  packets  that  are  Iran  smiled  are  short 

packets.  As  \\e  saw  in  keoire  III,  this  causes  a  reduction  ol'  the  total  channel  capacity. 

I  he  siniilarily  between  the  perlorniance  ol  the  imiipreemplivi  and  the  preemptive  system 
ill  terms  ol  channel  capacity  is  due  to  the  small  amount  of  1 1,  raslii  that  cut's.  In  this 
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an  onc.iiie',  transmission  is  "i  1 1  i  I  i  «• ;  1 1 1 1  ly  ■•.renter  than  lie  time  wa  led  by  causing;  a  colli¬ 
sion.  Uhal  is  considered  siy, ni liiaa lit  I v  .".renter  will,  of  course,  ih  pend  on  l  lie  application 
const  minis. 

Another  aspect  considered  lu  re,  which  was  tint  included  in  the  ,inal\ sis[T_’j,  is  the 
died  I  hat  biiller  si/e  has  on  the  overall  perl’orma  nee  ol'  I  he  sy  st  cm. 

We  considered  in  I  his  work  systems  with  one  and  two  boilers  per  station  only. 
The  results  obtained  clearly  show  the  elTeds  of  this  bat  lire. 

In  rij’.itre  la  we  present  the  results  obtained  for  a  nonpreempt i\ e  system  with 
\1  5  si  al  ions,/)|  />j  0.2,1]  1(1./  ■  100  slots  and  lr  2  -lots.  Two  cases  are 

presented:  II,  I  and  II,  '2  boilers  p -r  station,  i  1,2.  The  delay  lor  C,  packets  is  not 
significant ly  dillerent  in  tin-  two  cases  because  ('Vpackets  do  not  incur  verv  larpe  delays 
and  very  seldom  will  a  station  liavi  its  two  (  ’j  boilers  lull.  In  tin  ease  of  I A  Imwi  ver, 
the  dilleretice  in  delay  is  much  more  sii'.uilicalll  as  many  of  the  packets  that  are  he. I  when 
llj  I  are  now  accepted  into  the  system  t < >  occupy  the  mind  (’•  -biiller.  These  packets 
incur  lariye  delays  before  they  are  transmitted  whereas  in  im.h  boiler  w  stems  they  were 
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Fijuri  14.  Comparison  of  average  packet  delay  in  nonpreempt  ive  and  preemptive 
systems  with  packet  Icnj'.llis  of  7"j  Hit)  and  T>  II' 


PACKET  DELAY 


THROUGHPUT  fGl  *  ELD 


I'tijnrt  /  .7  j  i . « •  l.i  I  i  Ifl.tv  in  iin, ’>1  i  vc  >>-'!<  in-,  w  t )  l«  I  ;m<l  'J  IhiIIits 


41 


r>.  I  ThrMiJi'liput-lVlriy  ( ’li.ir;ictoristif» 


simply  lost, not  rout  rilmting  to  t  In*  average  packet  delay. 

ITj’ptrc  Iti  slmws  111*'  cllarael  erisl  ics  of  a  preemptive  s\-,(i-in  with  the  same  eotilie;- 
uration  speeilied  above.  Note  here  that  the  difference  in  delay  for  ( in  tin  luo  eases 
shown  is  even  smaller  since  the  second  (  Im  Her  is  praet  it- ally  nm  r  ns  d  In,  the  s'  at  ions. 
Ajpiin  (  'j- packet  s  in  two  Im  Her  s\  st  ems  experience  larger  d.la  y  .  lor  the  -  inn  r<  ,  than 
in  nonpreeinptive  systems. 

We  compare  non  preempt  iv  e  ( 'S\l  \-(  M)  ami  in  n  priori!  i  /ed  Cs\l  \  'it  I . .  r  tin-  i  v,  o 
cases:  II,  1  and  II,  'J,  i  1,2,  in  Kipure  17.  In  noiiprio;  it  i/i  .1  s,  •  1 1 .  ,|,Tiy 

for  short  packets  jyrovvs  very  rapidly.  The  dilhrc  lice  in  thi-  d.  >av  In  Urn  n  'la  one  and 
two  I  in  Her  sy  si  ems  shown  is  also  sic  nilieanl .  This  is  i  n  coni  r.esi  to  tin  -  di  l.n  , 1,'u  \  <  d  with 
I  lie  ini  rod  lie  lion  o|‘  the  non  preempt  iv a-  priority  In  n  <•  t  ion,  which  i  -  si  mi  I  a  r  in  t  h.  two  ea  -e> 
show'll .  I  he  ad  V  a  lit  a1’  i  ol  addi  In;  an  extra  li  ii  Her  in  the  m  -  I  <  1 1 1  is  in  time  of  p  ,e  k<  I  loss, 
which  is  discussed  in  the  next  so  hsecl  ion . 

The  final  aspect  of. system  perform;)  nee  that  yv<  consider  i-.  the  el!i  el  of  collision 
dll  eel  ion.  Wo  <•.•1111101  make  the  scheme  dependent  on  collision  <|<  t<  .  lion  if  vve  want  to  Use 
it  in  radio  environments  where  this  feature  is  not  available. 

We  show  a  comparison  of  I  he  performance  of  -  y  ■■  t .  ms  with  and  v,  I  colli  .ion 

detection  in  IT;;ure  IS.  The  systems  slmwn  without  collision  d<l<etion  < i <  m  n pn  <  nipt  iv e 
and  semi p reein pi i ve;  a  preemptive  system  was  not  considered  as  it  is  not  imp'i  m<  nlahle 
in  systems  wit  limit  collision  detection.  The  systems  considered  have  \f  ,1)  l  a' ions. 
I' l  "  10, /'j  -  100  slots,  p |  O.l.p-j  0.2  ami  where  applicable  '/',  2.  It  mav  seein 

stirprisiiif’;  that  the  most  siouilieanl  dillercme  in  .ystem  performama  i  .  in  <  l  .iniu  l  e.sp.u  ily 
and  not  ill  packet  delay.  \Vr  must  remember  that  tin-  oiilv  oporlimiiii  .  foi  eolli  ion  in  a 
nonpreempt ive  system  are  durin<;  the  channel  access  period,  when  'wo  pa<  I  <  I  of  tin-  same 
priority  class  t  ransmit  at  the  same  time,  With  a  rood  s 1  h  <■  l  n > 1 1  ot  />,  the  probability  ol 
such  a  collision  is  crest  Iv  reduced.  |  n  t  he  ■ ,  mipn  <ui  pi  iv  <■  sv  t  <  m  another  opportunity  Cor  a 
colli  sio  II  is  (III  ri  11)',  till-  channel  access  period  of  low  priority  el.ee  \  miili  a  •  ood  •  i  lection 
ol  Pi  coupled  with  the  lael  that  the  prolcdnltlv  ol  a  pacfel  arrival  dutm"  auh  a  dmrl 
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period  is  wry  small  reduce  I  lie  likelihood  of  a  collision.  |l  is  the  lari  that  not  too  many 
collisions  occur  which  reduces  the  dillerence  in  performance  for  systems  with  and  without 
colli  sum  detection.  This  is  an  encoti ra)’,i ley  result  lor  the  application  of  the  scheme  in  radio 
env  i  ronment  s. 


5.2  Packet  I. oss 

I’acktt  loss  was  considered  a  major  aspect  of  system  performate'e  In  eau-i  of  the 
importance  it  has  in  some  applications  that  require  hi;;h  priorit  \  in  multiaccess  channels. 
Packet  loss  call  hi-  due  to  the  limited  nuiuuer  of  hulVers  in  the  ;.y-.|c  m.  In  -mue  real  time 
applications,  such  as  voice  transmission,  tin  yeneral  ion  proees-,  i  .  imhpi  tulenl  of  in  t  w  :k 
response  and  packet  loss  can  also  In-  due  to  paid. el  delays  tyrea'er  than  the  maximum 
allowable.  We  study  in  thi.  subsection  the  ratio  of  puihels  lost  to  tin-  total  num'oer  of 
packets  I’.elii  rated.  We  Ine, in  our  di-c.tyssiea  liy  i  onsuh  ri  nj\  a  lion  preen  i ;  >  1  i  ve  system  with 
\l  a,  /<j  Hi  I,  /\  10./  :  100  -.!<))>  ;;/id  <Ji))«  j'<  jjt  values  of  y>;,  />_, 

0. 1 . 0.2,  0.  >.  We  show  the  packet  loss  lor  this  system  in  I  iepire  PI.  Noli  that,  as  in  packet 
delay,  the  loss  in  this  sy’sti  m  of  small  si/e  is  not  loo  sen-alive  to  variations  in  the  choice 

ol  /),  .  I  hi  loss  of  (  is  si",nilieanl  ly  In  low  that  of  I  k  and,  in  the  eases  shown,  never 

exceeds  lli1.,  \s  tin-  channel  approaches  aliiralion,  the  loss  for  <  approaclu  s  100'  fas 

a  eoiisei|ui  nee  of  the  l.arne  delays  incurred  by  ( packets  in  this  ran  \e  of  h’e.h  ehnnttel 

I  hroniyltpul  S. 

II  we  increase  Ihe  nuinher  of  stations  to  \l  50,  packet  loss  is  .  i:\nilieanl  ly 
reduced.  Wi  observe  thi-.  elTeel  in  liy.ure  This  reduction  in  packet  lo--.  is  due  to  the 
hijyher  tmmher  of  haliers  uvailalde  in  the  system.  In  e  ler  to  maintain  a  e.iven  a;  .'.reu.ate 
load,  stations  must  ceneratc  packets  at  a  smaller  rate  than  in  the  ease  \l  a  stations. 
The  average  inlerarriv.il  lime  of  packet  s  at  any  ",i\  en  si  at  ion  ln-romes  larc.er  and  the  -  I  at  ion 
can  loh  rate  lartycr  delays  In  lore  loo-in;',  packets.  \.  I  lie  ehanni!  approaclu  -•  saturation, 
the  packet  |o  .  Idr  f  "j  st  ill  approaches  |.  (learlv  I  his  will  al  ways  lie  I  he  c.-e  e  for  anv  Unite 
number  o(  stations.  The  reduction  in  pack*  I  b><--  for  (  over  llm  throu  hput  r.ite'e  -.|m>w  ft 
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Figure  20.  Packet  loss  .  11  a  large  nonpreeinpt ive  system  with  different 
values  of  p  ['  1 ,0.02,0. ('5.0. 1 )  ( 11  :  I) 
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factor  of  ,'t  (from  l(i'  <  to  .V  ,  From  ;i  semipri-rmpt i\n-  In  a  lull  |irrcin |il i v<-  di  t- i [ t ti i n ■ ) . 
a  remarkable  improv r;ti<  til  i  >  obtained  In  : 1 1 1  •  1 1 1 1 ; *  one  extra  huller  In  cacti  station 
improvement  is  shown  in  I  -i"lurr  when-  vvi  can  sec  tlial,  Fur  pr<  <  nipt  i  vr  n.'ii  in 
I  wo  hollers  per  station,  f 't  packet  hiss  is  practically  nr;.',  lij'.ihlr  over  tin-  noire  mice 

Oliee  aj'.ain,  I  tie  unpioveiuenl  shown  is  not  restricted  lo  systems  with  i. 
detection  In  I  c.ii  re  _’(>  we  ■linw  tin  pact  i  I  loss  of  a  non  preempt  iv  e  I’  (  S  \  1  \  lai';o 
(  M  --  at)  )  with  amt  without  collision  « 1 1  I  •  •<•  t  ion.  and  It  I  lodler  per  -i.dioii.  Tin 
loss  e\  per  ie  i  iced  by  (  i  in  I  In-  cas-s  slniuii  is  m  ai  n  I)  due  I  o  I  In  la  r "  c  n  u  li  il  nr  ol  ;>  1 1 1 1 1  r  . 
system  and  I  In-  I . n ■  r  inlerarriv.il  •inn  .  o1'  packet s  to  a ny  ; i \  en  station.  Tlier'  i-  pirn 
IIO  dillerell'  i  -  in  pa i  In  l  (o  .  w  i  I  li  or  w  it  lion  I  colli:  ion  del ,  ,1  h  , , .  T),-i  .  i  ■  i  ,',-coljr-e  in;',  I'o 
a  p  plica  t  ions  when-  'In  colli  an  a  di  :  i  .  lion  leal  nre  is  not  i  ■  i  ■ ;  • !  <  un  nl  a  Me. 

finally,  to  -■  I  ;  1 1 1 V  the  ilhel  ih.it  ;  •  a  <  l.i  t  1  <  - 1 1 ",  I  li  lia-oli  sy  1 1  in  |o  s  \\i  slmv 
results  ill  I'ic.iire  27.  Tin-  curves  -I. own  an-  t  ho  e  of  a  system  with  A  /  a.  H\  It 
I' |  101). /A  It)  dots,  /i|  /<■_•  0.2  and  7,  2.  I T * <  -  r  paid  i  i  lenj'.t  li  ol’  (  d 

a  stnaller  number  oF  /t.irki  Is  lo  Iran  millid  lor  1 1 1  e  ■.  aslant  'ruin', lipid  Nj 
As  less  <  '|  -  p.ickel  s  ala-  I  la  II -n  li  I  t  ei| ,  a  snidler  inimliel'  ol'  paelil  -  '  |a,|.  Tin-  -ill 

1)1-1  Ween  I  lie  two  modes  oF  pin  i  III  pi  ion  is  d  UC  to  the  •  .  1 1 1 . 1  la  a-o|l  -  l-\  pl.ii  In  d  ill  I  la-  pi 
silli.-ecl  ion  For  this  i -i  i  j  i » |  »i  i . .  1 1  inn  "I  pad. el  I.  n;',llis. 


.r>.:$  \  ari.anee  oF  Delay 

We  wish  to  evaluate  tin-  variance  oF  di  I  ay  In -rail  -i  ,  a  mole’,  m  her  ri  a -oils: 
fl.  It  fives  an  indication  o|  tin-  lunin  -  "I  tin  protocol, 

b.  Il  is  verv  important  that  tin-  variance  ol' delay  he  kepi  low  il’  a  intwork  is  to 
real  time  applicat  ions. 

\  s  with  its  avera",i-,  the  Variance  <  ,|‘  part  ■  t  ih  I  av  increa-i  -  a  tin  t  lirm 
i  tierea:  es  and ,  1 1  Iider  a  ra  ndi  ii  1 1  acces  -,i  In  II  ie,  hi  i  oil  n  v  i  rw  I  a  po  a  tin  I  ot  .  1 1  I  h  i  oi 
a  pprn.n  In -.  ehaiiml  c.i  pm  i  I  y  .  VN  <  impiiri  a  -  to  how  plioiilv  I '  I '  i  ■  t  ii  >  n  r.iii  1 1 1  ■  \  in 
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problem  I < > r  priority  traffic  despite  l  lie  presence  of  h i ■  1 1  load  in  inner  priorilv  levels. 

( )  I  >\  i  <  m  >1  y  in  a  prioritized  en  vi  roll  mriil  we  wir.li  to  minimi/e  1  lie  variance  of  delay  lor  the 
lii;\li  priority  class. 

Ill  I  i",iire  2S  we  compare  the  variance  of  delay  of  f  ^  -  packet  s  in  a  noli  pr. ■.  m  p I  i  V  e 
sv  -.I  ••in  to  that  of  a  non  priori!  i/ed  system.  The  sy  si (  m  under  c  on-,i.|.  r:P  ion  has  \!  i 
stations.  /J|  II.  1 ,  7',  1 0,7”  100  slots.  />_.  0.2  and  7'.  2.  We  slmw  t  In- 

curves  for  N|  0.1  and  >|  0.2.  \\c  note  that  'lie  variance  in  the  non  pia  eii  i  pit  v  e  case 

is  smaller,  at  1 1  i  •  •  f  i  l  h  i  me’.li  put ,  than  the  variance  shown  lor  lh<  non  priori  t  i  .a  d  case.  More 

importantly,  (  ’|  ■  v  a  ri  a  nee  do.  imi  .  r.  •  v.  n  ill  .on d.  d ,  l  hm-  eie-u  ri  i .  pi  ml  del  a  v  per  for  i  in  n.  e 

for  f  h  p.u  lo  t ov  i  r  I  he  i  nt  ire  ra  n  ',i  of  l  h  rm ,  I  p  a  how  n.  Tin  lir  !  p.  a,  i  . .  \ .  i  v  curve 

Corresponds  to  I  lie  Case  w  Ill'll  llo  ( ’■  par  I- el  ;  e  pr.  .elil.  \o'.  I  In  si.  a  rp  ,  n.  a'e  .  e  in  e.  i  ri.a  tn'e 

as  soon  as  some  (  ' .  p.ohels  arrive  .  1 1  tin  .y.-l.m.  This  in.  ia  a  -.  i  .  i\p!.in<d  a-  follow-; 

VV  Ill'll  f  Vpacket  S  .lari  arrivin'1.:  il  I  III  pv  stem,  aim.  (  par  1  el  >  will  eii  ■  o  u  ;  1 1 1  r  1 1 ;  i  ■■  oi  n  ",  f  ■ 
t  r.a  ii  s  1 1 1  i  ■  sinus  upon  irriv.'d.  havinc  to  wait  lor  them \l  I '  \  I  ’  i  n  -  a  in  i  .mi  ml  ..1  t  hi  chanm  I 
I  hose  ( ’|  -  packet  s  will  incur  .films  much  la;",..'  than  lie  ..verae  d  •  lav  iiaunad  In  all 

oi  her  ( ’|  packets.  I'll  i..  di  lie  rem  •  i"i  uses  tie  .harp  inerea-.e  in  variance.  from  die  lirst  point 

ill  the  cli  r  V  es  to  I  lie  lies  I  .  I  lie  i  a  I'i.a  Ilia  lor  t',  pae  k  el  - .  o|  tin  oiler  halo!,  i  -  1  a  l'",<  I  ill 
non  p  reem  pli  v  e  .y -I  .nr-  t  Itau  i  . . .  priori!  in  d  -jsieius,  a-,  we  show  in  I  .  ■  i  r<  211. 

As  it  Was  ill  e  case  with  p.acfil  di  lay  and  paekil  loss,  (he  variance  of  delay  ,  tor 

a  small  system,  is  not  too  en-itive  to  variations  in  p,./  1.2  a-  we  show  in  l  i  u  re  ..’ill. 

In  the  ca  sc  ol  a  la  rye  system  ln",vi  v  er .  I  In'  choice  of  mar  opt  m  m  m  p, ,  i  1.2,  ha-  a  more 
significant  effect .  This  is  shown  in  |-  iy.ure  .il  lor  a  nonpr.i  mpt  iv  di-eiplim  .  In  fail  the 

sen  sit  i  v  il  y  to  the  choice  of  p, ,  i  1,2,  lor  (  i  .  lare.ei  wlun  t  he  load  i  I  ■  •  vv  <  I  I  u  c.m  l  lie 

contention  period  lor  ('■•  is  then  e\pecleil  to  Ii.  lal'e.er  ri.c-  ea  .|.i-s  I  .  i  ",e  r  d.lavs  for  (  | 
packets  I  hat  arrive  after  the  liecinim',  of  I  lie  <  '  ■  .  onl.  nt  ion  period. 

.lust  as  with  averajM  p  icket  delay  in.  r.  a  im1,  the  muni.,  r  ..I  I.  ill.  r-  m  the  --v  tein 
doe  .  not  a  lie.  I  the  variance  i  it  di  lay  tor  (  pa.  I  .  I  -.  a  '  vv.  ■-! . .  •  -,v  in  1  i ",  1 1  r<  22  llu  V  a  ri  .Hire 
nl  (  ,  h. ivv ev  i  r,  i  1 1 .  r.  ..  ..  •.  --h a r |d y  vv  In  n  t  In  w  I  em  lee,  I  vv o  I >. i II.  i  .  d  ■  i.  I . .  I  In  I  n  " .  i  . |>ieu.  i  ne 
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5.1  A  S|m  i  ial  Case:  (h  aeration  ;il  !•" i \ < •* I  Intervals 

So  lar  all  llio  results  |iroso!il  oil  arc  lor  s\  -tom-  in  who  h  tin  rem  i  a  I  ion  proi-ess 
lor  liolli  priority  classes  has  a  ".coim  I  rir  ili  -t  riinil  ion  ol  inlernrriv  il  limes.  ()in  of  llo1 
applical  ion  a  that  Im'a  I  in  I  works  may  sa  pporl  is  ilir.i  I  i  / .  a  I  v  uire  Iran  -mi  ,  ion .  v\  hir  h  |  >  r  <  -<  ills 
I  rallii-  charaderistics  that  aro  dillen  tit  from  tin-  mu.,  i  on  -i  ■  I  <  -  n  '<  I  >o  lar.  While  tin  study 
of  voice  t  ralisinissioh  is  pre.cnleil  in  llo-  in\t  sediiin,  v\r  pr<  a  ill  Inn,  a-,  an  apple. ilioii 
exorcise,  a  special  case  of  ",ein  ration  process  of  1 1  i  ■  ■ '  i  priori!  \  me-  m-.  \\.  c.,n  i  >  i  <  r  that 
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i'tqurr  !>!)  Van, 'iiirr  of  delay  as  a  fund  ion  of  I  lie  preemiii  mn  frail  mn 
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5.1  A  (’as**:  ( .Vnrratioit  at  l*'ixe<l  InliTvals 


these  messages  arc  venerated  at.  each  station  at  the  rale  of  (i  1000  l>i t  ./see.  as  i,  eouhl  he  I  he 
case  in  pulse  code  modulation  lor  voice  t  raiismission  (I’CM).  Tlie  f  rnnsmission  medium  is 
a  coaxial  cable  1000  m  Ioiik,  in  which  the  propagation  delay  is  ns/m.  t*,i  x  i  1 1  an  end  lo-end 
propae.al  ion  delay  of  r  =  It)//.-;;  I  he  channel  bandwidth  is  10  Mh/sec  and  tin-  packet  si/e 
lor  (  'i  messages  is  1000  hits  (the  transmission  time  is.  theretore,  10  .lots).  The  systi  m  has 
A  /  ■  r>0  stations  and  each  station  generates  packets  every  0.0 !  alii!)  sec  or  i  very  l.ili'J.a 
slots,  cansinj;  the  throne, lipnl  of  (  'i  to  he  ,s'i  ...  which  is  a  lie.-iv y  load  lor  tin  hij-.h 

priority  class.  I.ow  priority  messn-’.es  are  general  ed  as  ht-fore,  from  a  yi  nmei  r!<  •  1  i  trihnlion 
with  parameter  o  _■  and  are  100  --lots  lontf. 

Several  ini  i  rest  ini’  results  were  ohlained  hy  simnl.it  i  ny  this  case.  \\,.  considered 
that  I  lie  arrival  of  the  lirsl  packet  yem-rated  at  e.aeh  station  (lor  system  startup)  occurred 
at  a  point  in  lime  uniformly  distributed  in  the  interval  jO  .  I  ali'J.nj  slots,  hmiii  there  on. 
a  station  e, enemies  one  packet  <very  Inh'J.n  s|«»ts.  l-iynre  .17  shows  llm  packet  delav  for 
lii.yh  priority  mi  ssnye.;  the  delay  Idr  low  priority  ines.'r.is  r.uiyid  from  10  10  .lots  to  'JfilKKI 
slots  and  thus  is  not  shown  in  the  lie, 'ire.  It  is  important  to  note  that  for  dilh  renl  values 
ol  a j  (and  thus  s.j)  the  slat-liny  point  ol  each  station  is  nyain  .elected  limn  a  uniform 
di  Irihuilion  in  the  interval  [0  .  I  ntilhaj;  Ihi.  can  explain  the  i  r  r  >  pilar  hihavior  that  the 
curve  is  ex  hi  hit  i  ire-.  |ni|eed  if  the  pattern  i-  •ueli  that  then  are  many  atrival.  ;'.roiip(d  in 
a  small  period  of  I  i  me.  then  tin  emit  en  I  ion  ca  Used  ami  the  re-olu  I  ion  r<  <  pi  t  n  d  i  nr  reuse  I  lie 
delay  ev<  n  il  the  load  is  not  ilnn  a.ed. 
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6Q 


NmiK'riral  M«*su||m 


In  in n I  rasl  wil  li  I  lie  a  hove  result s,  nun  priori  t  i/ed  s\ si eiiis « •  x 1 1 i l ■» t  :i  niin  li  sin  no  I her 
response,  regardless  of  tin-  |>;ill(Tn  ol‘  li r :-l  arrivals  from  tin-  i 1 1 < I < - 1 >< - 1 1 < l< - 1 1 1  del i  rimni.l o 
process  :is  is  shown  in  !■  !  -.lire  ,'iK.  Note  however,  llo-  lare.e  increase  i/i  packet  di  - 1 :  i  v  lor  short 
messages 'm  |  In-  nonprioiiti/.ed  system.  In  this  li  .lire  we  also  i  i  <  <  - 1 1 1  <  I  ■  tin-  l  liron-’.lipit  delay 
cliaracl  eristics  o|'  priorili/ed  system--  in  tin  non  pret  mph  v  e  inode  w  ii  li  a  ml  without  <  ollisioii 
deled  ion. 


The  I  lest  per  for  mam  c  ul  priori!  i  /  ■  d  .--v  -.1  mis  in  I  his  special  case.  w  it  h  r-'pi  rl  to 

packet  loss.  In  all  the  simulations  performed  not  a  siiede  ( packet  wa-  lost.  V.,  however, 

w  as  \  ery  small  (  •  I  li'  ,  i  n  I  In-  I ><■.•■  I  i  :e  <  I  I  n  mm  pr  mil t  i /■  d  sv  -.1  \  n  i  p  id-.cl  I .  r.,i  i  al  -o 

low  as  Ion;;  a  - \  •  11.7  (i.e.,  V.  0..lvd  .  a  .  ii  is  -Imr.  n  in  |-  i--  ore  d‘l.  I ’oil  dearly  in  d. is  case 

t  h.a  average  delay  and  I  In-  Variance  of  delay  i I u - r •  ■ . i  - 1  a  -  s  increax  .  from  S  N,  O.iVi 


PKT.L0SS/PKT.GEN 


Figure  39.  Packet,  loss  of  prioritized  (with  and  without  collision  detection) 
and  non  priori  I  izod  systems  with  fixed  generation  off')  packets 
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Recently,  the  desire  Id  inlej'.rnto  voice  communication  on  local  data  networks  lias 
been  apparent.  In  this  sect  ion  we  in  vest  ij>,at  e  I  he  performance  of  our  syst  enis  when  su  pport- 
ill|;  voice  com  mu  nicat  ion .  In  part  no  la  r  we  st  udy  the  dice  I  on  per  for  malice  of  v  arious  syst  cm 
parameters,  such  as  channel  bandwidth,  vocoder  rale,  delay  requirement .  allowable  packet 
loss  rate,  etc.  for  comparison  purposes,  we  also  consider  an  ideal  coallii  l  free  TOMA  case 
which  is  undoub!  edly  the  most  sit  able  for  voice  I  rallic  exhibit  i  n  p,  a  <|et  <  rmi  nist  ic  General  ion 
process,  and  thus  provides  the  ultimate  performance  one  call  achieve. 


6.1  Racket  (leueralion  Process 

In  most  of  the  previous  sections  it  was  assumed  that  for  each  user  the  packet 
inter|>;onera!ion  time  is  a  random  variable  with  a  memory  less  dist  ribuition  (discrete  lime 
Roomelrie,  with  the  time  unit  equal  to  t  sec.).  When  deal'me,  with  voice  applications,  such 
an  assumption  is  not  adequate  as  the  packet  c.enerat  ion  proce  ss  is  to  a  lir>l  approximation 
deterministic  (see  below).  Moreover,  due  to  the  real  time  constraints  encountered  in  voice 
communication,  average  performance  is  not  sullicient ,  and  one  has  to  d<  rive  the  dist  rib  ui  lion 
of  delay  or  delay  percentiles.  Typically,  if  the  intent  is  to  integrate  voice  and  data  on  the 
same  network,  then,  due  to  the  strict  end-to-end  delay  requirement  in  voice  applii  at  ions, 
one  suspects  that  the  prioritized  scheme  would  be  more  appropriate.  Indeed  by  tyi  \  i  n  p; 
priority  to  voice  packets  over  data  packets,  the  scheme  will  help  c.iiaranlee  to  a  certain 
extent,  the  delay  constraint  for  voice  packets  even  on  the  presence  of  data  trallic.  Note, 
however,  that  in  the  present,  section,  we  consider  that  there  exists  only  one  class  of  trallic, 
namely  voice,  and  that  it  is  iyiven  the  h ip, h esl  priority. 


6.2  Characteristics  of  Voice  Trallic  and  Voice  Sources 

It.  is  assumed  that  vocoders  dipili/.e  voice  at  some  con  . taut  rate  of  \  bits  per 
second.  Hits  are  grouped  to  form  packets  which  are  then  Iran  . milled  via  the  network  to 
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I  hr  dostinal  ion  vocoder.  I.cl  II  ili'iin'i'  llie  number  nl  bits  per  packet.  H  is  (In*  sum  of  two 
components:  II i,  which  cncompascs  all  overhead  Ids  comprisin;’,  llm  preamble,  Ibe  packet 
h  eaiier  am!  the  check  mi  in,  ale  I  //L  ,  the  in  lor  mat  inn  bit  s.  The  lime  to  lor  m  a  packs  I  ,  7  b ,  is 
jyiven  by 

7  f  is  also  the  packet  i  ut  erc.euerat  inti  time  lor  a  tiicmli  r.  To  achie\e  inti  ractivi  -.pi  i  ,h  am! 
siiiiidI  Ii  playback  operation,  it  is  important  to  keep  the  end- In-end  dday  tor  mo -I  hits  of 
voice  iiifurm.it  ion  within  t  i  p,  h  t  bmimls.  liml-lo  end  delay  is  delim-d  :m  the  lime  from  whin 
I  lie  hit  is  r,i  -in  rat  ed  at  I  lie  >  •  r  i  i  1 1  a  1  i  1 1  ■.  vocoder  until  it  is  recei\  ed  at  tin  ih  tin.'.:  in  n  mender. 
Two  components  of  delay  are  idetililied:  the  pad  I  I  formal  ion  d  <  •  1 : 1  \  ,  T,  ,  atul  I  hi  packet 
network  delay  IK,-  I  lie  ne1  ,.ork  dday  is  delim  d  a-  the  time  since  tlm  pad  el  a  formed 
until  it  is  successfully  received  at  I  In-  destination.  I  )ef  m  ( i  1 1 1  by  (lie  maximum  allowable 

dday  for  voice  bits,  a  voice  packet  is  accept  aide  only  if  7 j  t  l>„  •-  IK,,.  Pad'  Is  which 

do  not  satisfy  this  ii.i  ipialily  arc  :i‘  .uim  d  to  he  lu-t.  t  sii.illy  -pm  cli  can  be  i-lpdivilv 
sy  n  l  liel  i  /  ml  a  i  1 1 1  c  dost  i  n  a  I  io  n  i(  l  be  ra  t  e  o|  In -i  pad. i  I s  does  uni  i  \ cm  d  a  maxi m u m  /  .  In 
voice  applications,  the  perl  or  i  name  uic;e-u  re  is  deli  n  ml  as  l  be  max  i  mum  number  of  vocoders 
that  can  be  siipportml  by  the  network  under  llm  delay  const  rain!  />,„  and  a  tolerable  loss 
rale  I,. 

We  a --I  i  me  that  nirli  v  oim  .<m  rre  pi>~'-essi  s  a  transmit  h  idler  with  room  for  e\a<  l  ly 
one  packet.  \\  belie  \  <  r  this  bulb  r  is  tuuieniply,  'In  station  all'  Dipt  **  I  ratisiui- .ion  of  the 
packet  on  till  di.inml  :a  a  iirdilu',  to  I'  (SMA.  We  furl  tiermore  as-uime  that  if  tin  bull'er  is 
nonempty  when  a  In  v,  packet  is  "ineralml.  then  till  former  i-  hml  and  the  latter  occupies 
the  bit  Her  j  i  ,e. ,  tin  order  d  service  is  1st  mum  li  r-t  si  rv  ed ).  \  1 1  (much  Ibis  modi  I  appeals 

In  be  restrictive  a  priori ,  We  .ball  dmw  in  t  la-  followin'’,  sil  le.ee  I  inn  that  I  his  is  nut  :  u.  In  fact 
Inr  a  j'.iveii  delay  rm |uiremcnt  the  optimum  packet  si/e  wlddi  maximi/i  -  llu-  number 

of  voice  sources  is  such  that  /)„  I'j  for  all  value.,  of  /..  That  is.  at  uplitmim  vm-  have 
I  K„  ^  -If ,  and  therefore  tlmre  is  m>  need  lor  a  Iran  mil  Imller  of  ,i/e  lar  -a  r  than  one,  and 
I ,(  I’  S  is  t  lie  a pproprial  e  ipn  nm nc,  i li  i  i pli ne,  \ i  opt  i m nut ,  pack i  i  h mi  i  d m  i '■  u ",  t  <>  /  is 
only  due  In  excess  delay  and  not  In  lack  nl  bulkers. 
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G.2  (Mi;ir;u*li*rist‘n-s  of  Voire*  Tr;illir  ami  V»>irr  Sourer** 


Mefore  we  proceed  vvilli  I  lie  discussion  of  I  lie  numerical  results  obt  ai:ed  from  t  he 
simulation  ol‘  I’-CSMA,  we  undertake  here  an  idealized  analysis  which  provides  an  upp'T 
hound  on  the  performance.  In  essence  it  consists  of  assuming  that  network  delay  l)„  is 
ideally  deterministic  and  <■<  |Ual  to  only  the  transmission  time  on  I  he  channel  of  bandwidth 
It  .  With  this  assumption,  //,,  -  li/\\  and  the  condition  7'j  I-  //„  <  l),n  leads  to 


H„  Hh  t  l<v 

l  +  U 


-  IK 


I*) 


and  thus 

iK<:(\\i>,„  ik)v 

(ft  H  ) 

(liven  that  M  voice  sources  are  active,  the  handwidth  coiis'-ainl  is  then  written  as 


U  >  A/l 


.[IK  t  IK) 
IK 


(:i) 


Ki|s.  (w)  and  (it)  lead  to  a  maximum  value  of  \l  jpvon  hy 

A 1 '  - ■  (  „ 

K  l),n  I-  IK  1 

This  ideal  analysis  in  fact  corresponds  to  TOMA  in  which  perfect  sy  nch roni/.at ion  is 
achieved;  i.e.,  the  voice  packet  lor  a  user  is  ready  for  transmission  exactly  at  the  heypnninjr 
of  the  slot  assigned  to  that  user.  This  is  simply  achieved  hy  having,  the  vocoder  synchr<uii/.e 
the  formation  lime  of  the  packet  with  the  ho  u  ml  ary  of  its  assigned  slot .  The  re  To  re  with  M 
users  and  TDMA  frames  of  A/  slots,  /)„  is  equal  to  one  slot  (i.e.,  (///,  (  //,.)/!}  ),  while  Tj 
isicpial  to  A/  slots;  hence  equations  (I)  and  (,'t). 


Kquntiou  (|)  illustrates  the  clfect  of  the  overhead  ///,  on  M  .  If  //;,  -  0,  tin'll 
A/  —  U/V’,  independent  of  l)m.  In  that  case  however  the  optimum  packet  size  is  a 
function  of  l)m,  p,i vc'n  hy 


IK 


D„, 

C  I  vv ) 

The  smaller  D,n  is,  lh('  smaller  the  packet  size  is.  With  //;,  /  0,  M  is  a  function  of  Drn, 
and  d<’c reasos  as  l)m  decreases.  Indeed,  with  /(/,  /  0,  the  packet  size  cannot  he  arbitrarily 
decreased,  as  the  effort  of  overhead  becomes  more  severe.  In  Kippires  hi  and  It  the  dashed 
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curves  represent  A/  as  a  In ■  i <- 1  ion  of  1  I'or  IV’  ~  1  MKI’S  ami  It  10  MUI’S  n  spi d  ivrly , 
Hi,  ---  200  l>i‘s  ami  various  values  of  /■>,„.  I)„,  200  mser.  corresponds  romylily  In  I  lie 

ease  H),  0  or  />,„  -►  oc.  I’or  l),n  2  msec.,  the  riled  of  lllt  is  so  important  that  A /  is 
limited  to  very  small  values  and  is  rather  insensitive  to  V . 

0.0  I)isei|ssitm  i>|’  Numerical  lyVsillls 

We  eoiisider  a  I’l’SMA  network.  1  Km.  hue',  with  an  <  ml  toi-ml  prop  e.'.alioii 

delay  ;  of  a  pproxim  at  el  y  lO/zsic.  We  assume  11,.  200  Oils  which  account.  I'or  a  til  hit 

1 1  rea  m  I  ile,  a  02  hit  (  I  >  (  '  and  101  1 1  i  l  s  lor  add  re". i  I,;-,  ami  other  eon  l  r<  d  in  I  oi  m  a  i  :  ■  >  n .  We 
eoiisider  various  values  I'or  the  v  oeod.  r  ha  lid  vv  idl  h :  l  I II.  21,  .12  and  til  I  li|>':  and  tv.o 
values  I'or  till-  ehannel  hamlvvidl  h:  ll  1  and  1(1  MUI’S. 

The  delay  eo  le-l  rai  ll  t  on  v  oiee  hits  depend '  on  the  type  ol  V  oil  c  eo  m  In  u  nical  ioll 

h<  ill!',  eoii-.idered.  Tin  iirst  I  y  pe  we  ii  h  a  I  il'y  istlial  ol  real  lime  v  oiee  roimiitmicnl  ion  wit  hilt 

the  loeal  eiiv  i  I'oti  Itieiil  (i.e.,  all  parties  are  on  tin  loeal  network);  ill  this  ease  inleraelive 
eomiill  nieat  ioll  call  lie  elleetivelv  aeeoinplisheil  it'  /)„ ,  is  on  the  order  of  200  nisei-,  (or  even 
higher).  Tin  seeom!  type  is  that  ol'  real  lime  voice  (•oilimmiic.il  ion  via  the  I’uhlie  Switched 
Telephoto  \i  'work  (i.e.,  vv  here  all  part  ies  are  not  vv  i  I  h :  it  the  local  net  work  );  in  this  ease  /  )nl 
must  he  restricted  ,o  a  value  on  the  order  ol’  20  msec.  Initially  vve  dist i nj'.uish  a  third  type 
vvieh  arises  when  lour  wire  terminations  mil  echo  ea ncelli nj1;  procedures  are  not  availahle; 
ill  this  ease  the  echo  problem  call  he  so  severe  as  to  re(|iiire  l)rn  to  he  limited  to  Very  small 
values,  on  the  order  of  2  msec.  As  previously  mentioned  with  Voice  cnmmuuical  ion,  packet, 
loss  is  tolerable  as  loti)',  as  the  loss  rale  /,  is  limited  to  a  small  value.  In  this  study  vve  shall 
assume  that  /.  0.02  is  adeipial  e. 

We  Iirst  examine  the  ellcrl  ol'  packet  si/e  Hi,  1  /(,.  on  the  delay  perl'ormancr. 
{’(insider  U  ,  T  and  M  to  he  fixed.  I.et  l\  denote  till-  nuinher  ol’  packets  sampled  ill 
tile  simulation,  and  let  l>\ .  ....  he  I  lie  delay  incurred  hy  the  l\  parkrli  respec¬ 

tively.  I. el  />,(  -A  l>ti  w  ...  I)  K  111  the  ordered  sri|Ucmr  ol'  delay  samples.  We  let 
lliax{/>|//}  ^  /•>,,  ,  (  ;  lnax{/l|/,}  is  the  value  ol’  packet  delay  vvhieh  is  exceeded  hy  exactly 
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a  fraction  /.  nl'  all  samples.  We  ran  similarly  ileline  max{//„|/,}.  Clearly  max{ /J|/,}  ----- 
If  t  ma\{/)„|/,j.  If  //,,  is  arbitrarily  large,  then  7/  is  the  predominant  term.  Imleeil,  the 
mi  m  her  of  p.n  k  i  I  s  contending  is  small  am  I  with  I  lie  packet  si/e  being  largo,  I  lie  performance 
of  I  ’  (  'SM  \  ( which  is  a  I'm  id  ion  of  i\\'  /  II)  is  relal  ivel  y  good.  In  this  case  max  {  D\  /.}  is  also 
larger,  on  the  same  order  of  magnitude  as  llv/\  I  ///It'.  As  H„  decreases,  7/  decreases 
anil  so  does  max { /  )| /.}  until  //,,  is  small  enoii!l,li  as  t o  ea use  a  high  dec, rei •  of  co  n  I  cut  in  n  and 
an  important  decrease  of  max  {/>[/.}.  Clearly,  further  decrease  in  //,.  eau-es  I  he  l’-<  SM  \ 
channel  to  saturate  and  max{//|/,}  -*  oo  with  probability  one.  Thus  there  exists  an  op¬ 
timum  value  for  llv  which  minimizes  max { />| /,}.  We  illustrate  iImm  elle.  I-,  iu  figure  II  in 
which  we  plot  max{/7|/<}  versus  //„  for  the  case  l  -  2llxHTS.il  I  Mill’s, \/  It)  and 
various  values  ol  I,.  It  is  interesting  to  note  that  given  \/,  the  optimum  packet  -I / < 1  //,,  is 
roughly  the  same  for  all  values  of  /,.  Setting  /,  0.02.  ue  show  in  figure  12  max{ /^(l.tl'J } 
versus  llv  for  various  values  of  A/.  This  figure  shows  that  for  a  given  value  of  /),„  and 
a  given  value  ol  there  exists  a  unique  optimum  value  of  //„  and  a  maximum  value  of 
\l  which  satisfy  the  constraint  max{//|/.}  <  This  maximum  value  of  A/,  A/,,,,,,, 

represents  the  performance  of  I’-CSM  \  vvlu  n  supporting,  voice  communication. 

I1  rout  f  igures  II  and  I’J  as  well  as  the  results  obtained  lor  all  other  cases  studied, 
we  note  Mi  at.  max  { />„  | /,}  al  optimum  is  always  inferior  to  7/.  and  then  fore  max{/>|/.}  • 
27’/,  regardless  ol  l),n  and  L.  This  clearly  justifies  that  the  model  adopted  for  the  vocoder  s 
l.ransmif  buffer  (single  packet  lutlfer  and  I.CI’S)  is  not  restrictive.  In  figure  Id  vve  plot 
hUna*  ns  a  function  of  the  vocoder  rate  T  for  I,  2‘7  and  IS  I  Mill’S  and  the  three 
values  ol  l),n:  2  msec.,  20  msec,  and  200  msec.  The  dashed  curves  correspond  to  the 
ideal  TDMA  ease,  figure  II  displays  similar  results  for  the  case  If  10  Mill’S.  We 
note  that,  when  //,„  -  200  msec.,  both  A /  and  A decrease  rapidlv  as  \  increases; 
while  il  l)rn  2  msec.,  then  M  and  A/„1(1J  are  rather  insensitive  to  l  .  This  is  due 

to  the  existence  of  a  nonzero  overhead  ///,,  whose  oiled  is  more  important  as  the  delay 
rcc|iromenl  is  more  critical.  To  best  compare  the  performance  of  I’  <’SM\  to  that  of  the 
ideal  TDMA,  vve  consider  the  ratio  A/,„„  ,  /  \l  ’  .  This  rat  io  has  I  he  proper)  v  of  i  nlal  i  ug  I  he 
elTeel  ol  contention  as  opposed  to  that  of  l'  and  Hi,,  and  therefore  allows  us  to  evaluate 
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t'ujun  ’!  v.tmi,  II,.  lor  lix.-.l  \l  aiol  x.mou-  valors  of  /, 
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A 
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b'itjurc  Max  { /■>!/,}  versus  //„  for  lixtd  /  and  various  \alii<>  of  M 
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K*  and  M 


M*  and  M 
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the  relative  performance  ol‘  I’-C'SMA  whin  support iii(>;  voice.  We  plot,  in  Figures  1  .r>  and  4t> 
Mma x/A/  versus  V'  lor  H'  =  I  anil  10  Mlil’S  respectively.  We  note  that,  the  degradation 
in  perrormance  due  to  contention  is  more  significant  as  the  delay  reipii renienl  is  more  severe 
and/or  as  the  channel  bandwidth  is  larger.  Both  these  trends  are  due  to  the  higher  decree 
of  contention  caused  liy  a  larger  ratio  ill'///.  Indeed,  with  .smaller  Hv  is  hound  to  he 

smaller  and  therefore  i  ll///  is  larc.ir.  Finally  in  Figure  17  we  display  t  he  opt  i  11  mill  packet 
size  llv  as  a  function  of  F  for  /,  -  0.02  and  l)rn  *  2,  20  and  200  msec. 


B4 


D  =200  msec, 
m 


W=10MBPS 

1-2% 

•t  =  10ysec. 
B^=200  bits 


D  =2  msec. 


Ideal  TDMA  - 

P-CSMA  - - - - - 

W=1MBPS 


ZZ.  D  2  msec. 


§7  Conclusions  and  Suggestions  for  Future  Work 


The  not'd  lor  priority  functions  in  M nit inoooss  ( ’omptit.cr  ( 'omiinio.il ion  Networks 
arises  from  ;i|>[>lient ions  in  which  we  have  restrictions  on  the  delay  that  packets  can  incur. 
One  alternative  is  to  have  a  dedicated  channel  supporting  very  low  loads  to  insure  small 
delays;  another  alternative  is  to  provide  some  priority  mechanism  by  which  packets  that 
are  time  constrained  can  have  priority  over  those  which  are  not. 

One  such  scheme,  called  I’-OSMA  was  studied  here  using  simidat ion.  Three  modes 
of  operation  wort'  evaluated,  namely:  non  preempt  i  vc,  semiprt  erupt  iv e  and  preemptive. 
( I  on  orally ,  it  was  considered  that  I  he  load  placed  on  t  lie  chan  nel  by  high  priority  packet  s  was 
small  (>’|  -  0.1).  It  was  shown  that  priority  fund  ions  indeed  reduce  packet  delay  while  not 

reducing  drastically  the  channel  capacity  in  non  preempt  iv e  and  somiproemplivo  disciplines 
while  the  preemptive  discipline  oilers  evi  dent  ih  lay  characteristics  at  the  expense  ot 
reduced  channel  on  parity  due  to  t  h  rushing  on  the  cha  ti  in  I .  It  was  also  show  u  I  hat  I  ’  (  S  M  A 
is  not  loo  sensitive  to  I  hr  collision  detection  leat  tire  oilering  similar  p.  ,  rormance  even  if 
this  I’ealure  does  not  exist,  making  it  useful  for  radio  environments. 

I  ’ackel  loss  lor  I  he  high  priority  class  is  smaller  t  ha  u  that  in  non  priori  I  i  /od  sy  si  cms. 
More  importantly,  the  result  s  ol>l  ni  ned  show  that  (  \  loss  dm  s  not  '.row  toward  one  as  I  lie 
throughput  approaches  channel  capacity.  The  addition  of  one  extra  holier  in  the  system 
does  not  ailed  average  f”| -packet  delay  greatly  nor  its  variance  .  Hut  the  real  advantage 
is  the  reduction  of  packet  loss  in  the  system  for  doth  priority  classes. 

The  variance  of  delay,  a  very  important  aspect  in  applications  with  real  time 
constraints,  was  shown  to  he  lion  nde<  i  and  v  cry  si  a  hie  lor  (  T  messages:  preempt  ion  ac  hie  v  os 
a  substantial  reduction  of  variance  as  the  load  increases.  This  result  insures  small  delays 
for  (  *|  -  messages  regardless  of  S  >. 

The  performance  of  (  'NM  A  (  I )  local  net  works  w  In  n  so  p port  ing  v  nice  applications 
was  examined  and  compared  to  an  ideal  TDM  \  system  which  provide  the  ultimate  host 
achievable  performance.  Tin-  results  show  that  for  a  given  delay  constraint  D,n  and  a 
given  tolerable  loss  rate  I,,  there  is  an  optimum  packet  si/c  II,,  which  provides  a  maximum 
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number  of  voice  sources.  As  long  as  (lie  delay  re<|iii remenl  is  not  loo  severe  (  200  msecs.) 

and  I  hi'  channel  hand  width  is  not  too  Large'  (;«  I  M  HI ’S.)  I  hen  tie-  per  for  1 1 1  a  i  h  ■  <  ■  of  I  (  SM  A 
is  comparable  I  o  that.  ol  ideal  Tl  )\l  A .  I  lowever  if  e-i I  her  I )Jn  is  - mal I  (  •  20  msecs.)  or  \V  is 

large  (  >  10  MBPS.),  or  both  then  P-CSMA  In  comes  interior  to  I  lie  ideal  case  re-gap  Hess  of 
the  vocoder  rate-.  This  is  basically  due  to  the  relatively  small  1  r.insiuis.-ion  lime  of  a  packet 
lor  whic  h  P-CSMA  is  known  to  have  a  poor  perl'ormance.  As  a  result.  we  noli  that,  when 
the  delay  recpiirement  is  low,  an  increase  in  channel  bandwidth  with  the  expec  tation  to 
increase  the  maximim  number  ol’  voice  sources  is  re  warded  by  sm.dle  r  than  a  proportional 
improvement. 

(lenerally,  priority  rune-lions  are'  see  n  to  accomplish  the  Fij'ures  liny  we  re  de¬ 
signed  for,  namely:  a  reduction  of  packet  delay,  variance  and  loss  tor  the  1 1 i ; 1 1 1  priority 
class.  At  the  same  time  they  oiler  an  alternative-  in  applicat  iom  where  lime-  constraints 
Force  us  to  have  a  dedicated  channel  to  insure  small  delays.  1 1 . e \  ilia,  a  eledicaleel  c  hannel 
generally  means  a  significant  waste-  of  channel  capacity.  Priority  Functions  allow  us  to 
recover  some1  ed'  the  wasted  capacity  without  too  much  detriment  to  iht  perl'ormaiii'e  ol' 
high  priority  classes.  The  scheme-  was  show  ii  to  he  very  robust ,  ns  very  lit  I  h-  i  ul'ormut  ion  is 
need  eel  to  per  Form  the  protocol.  The  sc  para  I  ion  <>F  priority  classes  pis  v  e  nl  s  I  lie  eh-gr:  ul: -it  ion 
eiF  l.lie  perl'ormace  of  high  priority  classes  as  Ion;',  as  their  lo.-ul  is  kept  below  I  lie-  channel 
capacity,  independent  ol'  the  load  exercise-el  by  lower  elasse-s. 

'riiroilghoilt  the  e-ourse-  eiF  ibis  Work  a  maximum  e it’  two  priority  classes  wore 
e-emsirle’reel.  There  is  still  work  to  be-  e|one-  in  e-vnlilnlitig  the-  perFormaiici-  ol  I*  <  S\!A  with 
a  larger  number  <»F  e-lasse-s  an  el  in  the  si  uely  e>F  elilh  re  nt  me  ihani-  m  ■  For  priori!  \  asse  ssnicnl . 
With  a  larger  mini  be  r  ol  e  lasses,  l  he  priori  I  y  assessment  pi  r  me  I  nF  l'n  prol  m  ol  will  play  a 
more  signilicalll  reile  ill  I  lie-  ave  rage-  packet  tle'lay. 

In  I  lie-  area  ol  voice-  t  raiisl  nission  I  lie-re  is  a  I -a  i  more  vv  Old  1  h  .  t  .  -  ! I  |e  i  to  ,  I  i  lie  ling 
models  that  incorporate  sile  nt  permits.  lalkspurls.i  le-.  Tin  a  mo. I.  t  .  it,,  -i  be  applied 
Fo  the-  simulator  on  which  this  work  is  based. 

Aimthe-r  inle-re -ting  aspei-l  iieulil  be-  the-  sillily  oF  way  --  In  e I v  n.e mi'  al I y  e  sliln.ite' 


,39 


7.  <  oin  liisioiis  and  Sni'i'i'xl  i,,ns  f,,r  Knlure  Work 

the  nuaiher  ol  users  ol‘  a  ^iven  priority  class  and  adjust,  p  acrordint'Jv  to 
ol  the  conlentioii  period  and  increase  the  probability  ol'  a  successful  Iran 


reduce  I  he  leant  h 
s  i  a  i  ssi  o  n . 
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